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SYSTEM FOR MONITORING AND 
CONTROLLING UNIT OPERATIONS THAI' 

INCLUDE DISTILLATION 

BACKGROUND OF THE INVENTION 

The present invention generally relates to the field of fluid 
sensors and methods, and more particularly to the field of 
fluid sensors and methods for sensing fluids in unit operations 
involving separation, especially unit operations involving 
distillation, evaporation, extraction, drying and/or chemical 
reaction. Such fluid sensors and methods are suitable for use 
in process monitoring and/or process control systems and/or 
operations, and may be especially suitable for example, in the 
application of Process Analytical Technologies. The present 
invention relates, in preferred embodiments, to fluid sensor 
devices and methods adapted for monitoring and/or control
ling distillation operations in fluid process systems, such as 
batch distillation operations or continuous distillation opera
tions. The present invention relates, in particularly preferred 
embodiments, to process monitoring and/or process control, 
including devices and methods, for unit operations involving 
endpoint determination of a distillation, for example, as 
applied to a liquid-component-switching operation (e.g., a 
solvent switching operation), a liquid-liquid separation 
operation, a solute concentration operation, a dispersed
phase concentration operation, etc. 

The method also relates to the application of fluid sensor 
devices in the conduct of other unit operations, including, 
e.g., evaporation, liquid/liquid extraction, oil seed extraction, 
drying of solids and various chemical reactions. Commercial 
applications for such fluid sensors and methods include, for 
example, process monitoring and/or process control forphar
maceutical development and/or pharmaceutical manufactur
ing, petroleum refining and industrial chemical manufactur
ing. In some embodiments, preferred fluid sensors and 
methods include mechanical resonators, such as flexural reso
nators. In other embodiments, preferred fluid sensors and 
methods include other types of sensors, including optical 
sensors such as refractive index sensors. 

Distillation operations are well known in the art. See, gen
erally, for example, McCabe et aI., Unit Operations ofChemi
cal Engineering, 3rd Ed., McGraw Hill, Inc. (especially pp. 
511-606 and 657-677) (1976). See also, Perry et aI., Perry's 
Chemical Engineer's Handbook, 6th Ed., McGraw Hill, Inc. 
(especially pp. 13-1 through 13-97) (1984). Generally, a dis
tillations are a common unit operation performed in the phar
maceutical and fine chemical industries, industrial chemical 
manufacturing and petroleum refining. They are well known 
in the pharmaceutical industries, for example, in counection 
with solvent switch operations, and in various industries for 
the separation of fluid components and the isolation and/or 
purification of desired products. 

In a solvent switch operation, for example, the goal is to 
switch a substance of interest (such as an active phannaceu
tical or an intermediate in the synthesis and/or manufacture 
thereof) that is dissolved in one or more solvents to another 
(less volatile) solvent for subsequent processing. This unit 
operation avoids having to separately workup the substance 
(e.g., crystallize, filter and dry), and recharge the substance 
into a new solvent. Typically, a specification is set to define 
the end point of the solvent switch. This end-point can be 
defined by the concentration of residual solvent in the residual 
liquid phase. This specification is typically based on the sen
sitivity of subsequent processing steps on the presence of the 
residual solvent. In traditional approaches, such distillation 
operations are monitored using process conditions such as 

2 
temperature and/or pressure and/or flow, and end-points are 
typically determined or confirmed by manual sampling and 
analysis. For example, a sample would typically be manually 
obtained from the still or other process vessel. Manual sam
pling could require an operator, for example, to cool the fluid 
system to an appropriate temperature (for access and han
dling), and in some cases to donn appropriate safety clothing, 
access the fluid system (e.g., through a manway), manually 
withdraw a sample (e.g., using a dipstick) and transport the 

10 sample for off-line analysis (e.g., to an off-site analytical lab 
for analysis, such as gas chromatography). Significantly, for 
meaningful analysis, the batch must be held under stable 
conditions during sampling, transport and off-line measure
ment. In certain operations, such sampling steps can add 

15 potentially 2-3 hours or more onto the batch timecycle. 
Hence, there is a need in the art to improve process moni

toring and control of separation operations such as distillation 
operations. 

Similar issues are encountered in monitoring and control-
20 ling various other fluid process operations, including liquid/ 

liquid extraction, liquid/solid extraction, evaporation, drying 
and various chemical reactions. Control issues arise in the 
operation of both batch and continuous processes. In a liquid/ 
liquid extraction process, for example, there is a need to 

25 control the operation so that the extract is sufficiently 
enriched in the solute to be extracted and residual solute 
content of the raffinate is reduced to a desired level. In evapo
ration processes, such as, for example, the concentration of 
caustic solutions emanating from chloralkali cells, there is a 

30 need to reach a desired level of concentration and to monitor 
entrainment of alkali hydroxide and/or alkali metal chlorides 
in the overhead vapor. In drying operations, there is a need to 
determine the residual moisture or other volatile content of 
the solids to be dried. In chemical reactions, there is a need to 

35 monitor conversion of reactants to products and in some 
instances to monitor the formation of by-products. Reaction 
control presents unique problems in the case of polymeriza
tion reactions. Other and somewhat differing issues are pre
sented in the formation of lower molecular weight products, 

40 e.g., in chemical or pharmaceutical manufacturing opera
tions. 

Control problems are confronted in both batch and con
tinuous processes. In batch processes, the control issue may 
devolve to identification of an end point of the operation, 

45 whether it be distillation, extraction, drying or chemical reac
tion. In a continuous process, control may typically require 
adjustment offlow rates, temperatures and pressures to main
tain the composition of a product stream, recycle stream, or 
other process stream at a target value. In either case, there is 

50 a need to continually or periodically monitor the composition 
of a product or other process fraction and adjust process 
conditions, batch cycles, etc. to maintain a product within a 
target specification. 

On -line measurement teclmiques are growing in popularity 
55 in the process industries where they are known, especially 

among fine chemical manufacturers, as "Process A.llalytical 
Teclmologies (PAT)." On-line compositional measurements 
enable the operator to detemline the quality of a product 
batch, or of process material at a particulate point in the flow 

60 path of a continuous process without the waste of time and 
productivity that results from resort to off-line analyses. For 
various applications, including the monitoring of reactors and 
batch distillations, e.g., solvent switch distillation, the cur
rently most robust on-line measurement techniques are Near 

65 Infrared (NIR) and Fourier Transfoml Infrared (FTIR). How
ever, because these techniques require substantial capital 
investment, extensive calibration models, and relatively 
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expensive maintenance, they are difficnlt to apply in rela
tively complex operations, especially where there are plural 
phases in a sample (e.g., in slurry processing where sample 
handling devices may become plugged with solids), and are 
difficult to justifY in relatively simple operations such as 
solvent switch wherein at least rough approximations of dis
tillation end points may be determined by monitoring head 
pressure, overhead vapor temperature and/or still pot tem
perature. 

Effective approaches for measuring characteristics of flu- 10 

ids using mechanical resonators are disclosed in commonly
owned U.S. Pat. Nos. 6,401,519; 6,393,895; 6,336,353; 
6,182,499; 6,494,079 and EP 0943091 Bl, each of which are 
incorporated by reference herein for all purposes. See also, 

15 Matsiev, "Application of Flexural Mechanical Resonators to 
Simultaneous Measurements of Liquid Density and Viscos
ity," IEEE International Ultrasonics Symposium, Oct. 17-20, 
1999, Lake Tahoe, Nev., which is also incorporated by refer
ence herein for all purposes. The use of a quartz oscillator in 
a sensor has been described as well in U.S. Pat. Nos. 6,223, 20 

589 and 5,741,961, and in Harnmond, et al., "An Acoustic 
Automotive Engine Oil Quality Sensor", Proceedings of the 
1997 IEEE Intemational Frequency Control Symposium, 
IEEE Catalog No. 97CH36016, pp. 72-80, May 28-30,1997. 

25 
Sensors involving mechanical resonators are known in the 

4 
involving separations using relatively straightforward, cost
effective, scalable systems and methods, with requisite accu
racy and precision. 

SUMMARY OF THE INVENTION 

It is therefore an object of the present invention, certain 
and/or various embodiments of the present invention, to pro
vide sensor devices and methods for efficiently sensing, 
monitoring, controlling and/or evaluating (e.g., detennining 
properties of) fluids used in fluid process systems. In particu
lar, it is atl object of the invention to provide cost-effective, 
practical approaches for sensing, monitoring, controlling 
and/or evaluating fluids in connection with unit operations 
involving separation of components of a fluid, such as distil
lation operations, solvent extraction, evaporation, drying, and 
chemical reaction. In preferred embodiments, it is an object 
of the invention to provide devices atld methods for sensing, 
monitoring and/or controlling unit operations involving end-
point determinations including, for example. distillation end 
points in a liquid -component -switching operation (e. g., a sol
vent switching operation), liquid-liquid separation opera
tions, solute concentration operations, a dispersed-phase con
centration operation, etc. 

Briefly, therefore, the present invention is broadly directed 
to various methods for monitoring and/or controlling a unit 
operation that includes separating one or more components of 
a multi-component composition by distillation. Preferably, 
the unit operation is effected in combination with one or more 

art for use in several applications. For example, U.S. Pat. No. 
6,182,499 to McFarland et aI., discloses mechanical resona
tor sensors for evaluating fluid properties, especially of an 
array of fluids in parallel (i.e., simultaneously) and sequen
tially (e.g., by scatming). Also, PCT Application WO 2004/ 
036207 discloses mechanical resonator sensors in connection 
with envirOlllilental control systems, such as refrigeration 
systems. PCT application WO 2004/036191 discloses 
mechanical resonator sensors in connection with machines, 35 

such as transportation vehicles. 

30 sensors and sensing operations. In some preferred embodi
ments, the sensor comprises one or more resonators such as 
one or more mechanical resonators. In some particularly pre
ferred embodiments, the sensor comprises one or more reso-

The use of other types of sensors is also known in the art in 
connection with various applications. For example, the use of 
acoustic sensors has been addressed in applications such as 
viscosity measurement in 1. W. Grate, et aI, Anal. Chem. 65, 
940A948A (1993)); "Viscosity and Density Sensing with 
Ultrasonic Plate Waves", B. A. Martin, S. W. Wenzel, and R. 
M. White, Sensors and Actuators, A21-A23 (1990),704708; 
"Preparation of chemically etched piezoelectric resonators 
for density meters and viscometers", S. Trolier, Q. C. Xu, R. 

nators including at least one flexural resonator. 
Generally, the invention is directed to a method for moni-

toring a process comprising altering the composition of a feed 
mixture, especially where the composition is altered in the 
course of a unit operation such as, for example, distillation, 
evaporation, extraction, drying, and/or chemical reaction. In 

40 accordance with the method, a sensing surface of a mechani
cal resonator is contacted with a fluid selected from the group 
consisting of the altered mixture and another phase produced 
in altering the mixture. The resonator is stimulated while in 
contact with the fluid, and the response of the resonator is 

45 monitored. 
E. Newnham, Mat.Res. Bull. 22, 1267-74 (1987); "On-line 
Sensor for Density and Viscosity Measurement of a Liquid or 
Slurry for Process Control in the Food Industry", Margaret S. 
Greenwood, PhD. lames R. Skorpik, ludithAml Bamberger, 
P.E. Sixth Conference on Food Engineering, 1999 AIChE 50 

Annual Meeting, Dallas, Tex.; U.S. Pat. Nos. 5,708,191; 
5,886,250; 6,082,180; 6,082,181; and 6,311,549; and 
"Micromachined viscosity sensor for real-time polymeriza
tionmonitoring", O. Brand, 1. M. English, S.A. Bidstrup, M. 
G.Allen, Transducers '97, 121-124 (1997). See also, U.S. Pat. 55 

No. 5,586,445 ("Low Refrigerant Charge Detection Using a 
Combined Pressure/Temperature Sensor"). 

A first aspect of the invention is directed to methods for 
monitoring atld/or for controlling a unit operation that 
includes separating one or more components of a multicom
ponent composition by distillation. Generally, in this aspect, 
a multi-component composition comprising one or more liq
uid components is provided (e.g., contained in or flowing 
through a process container such as a process vessel or a 
process pipeline or process conduit), and at least a portion of 
at least one liquid component of the multi-component com
position is vaporized to form a vapor. The vapor is condensed 
to form a condensate. At least a portion of the condensate is 
recovered as a distillate. The process of the distilling opera
tion can be monitored and/or controlled using one or more 
sensors. In one first approach, the sensor includes a mechani-

As noted above. there remains a need in the art for alterna
tive or improved sensor devices and methods for efficiently 
sensing, monitoring or evaluating fluids in unit operations 
involving separations such as nnit operations involving dis
tillation, extraction, evaporation, drying and/or chemical 
reaction. Examples of connnercial areas in which such a need 
exists include for exanlple, such fluid process systems used in 
comlection with the petroleum, chemical, and pharmaceutical 
industries. In particular. there remains a need in the art for 
effectively sensing one or more fluids in nnit operations 

60 cal resonator. In this first approach a sensing surface of a 
mechanical resonator is contacted with a fluid involved with 
the distillation operation. The fluid can be, for example, one 
or more of the multi -component composition, the vapor, the 
condensate or the distillate. The fluid-contacted resonator is 

65 stimulated (actively or passively), and a response of the reso
nator (to the stimulation) is monitored. In another. second 
approach, the sensor can be, generally, an on-line sensor 
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configured to monitor one or more of the vapor, the conden
sate or the distillate. In this second approach, at least one 
on-line sensor is other than a temperature sensor, pressure 
sensor or flow sensor. Preferably, the on-line sensor is a 
sensor effective for monitoring a composition-dependent 
fluid property. 

6 
recovering at least a portion of the condensate as a distillate. 
In a first approach with respect to this aspect of the invention, 
system can comprise a mechanical resonator sensor compris
ing a mechanical resonator. The mechanical resonator sensor 
can be configured in association with the fluid system such 
that a sensing surface of the mechanical resonator can contact 
a fluid within the fluid system (e.g., the fluid being any of the 
multi-component composition, the vapor, the condensate or 
the distillate). The mechanical resonator sensor can further 

In another second aspect, the invention is directed to a 
method for monitoring and/or for controlling a reaction. In 
this aspect, a multi-component composition is provided in a 
process vessel. TIle multi-component composition is a solu
tion or a dispersion comprising one or more liquid compo
nents and at least one non-polymeric organic component 
dissolved or dispersed in the one or more liquid components. 
The at least one non-polymeric organic component is reacted 

10 comprise one or more electrical circuits in signaling COUUllU

nication with the mechanical resonator. The one or more 

in the process vessel under reaction conditions. The progress 15 

of the reaction in the process vessel can be monitored and/or 
controlled by a method that includes (i) contacting a sensing 
surface of a mechanical resonator with the multi -component 
composition at a first time during the reaction, stimulating the 
composition-contacted resonator at the first time, and moni- 20 

toring a response of the resonator associated with the first 
time, and thereafter (ii) contacting a sensing surface of the 
mechanical resonator with the multi -component composition 
at a second time during the reaction, stimulating the compo
sition-contacted resonator at the second time, and monitoring 25 

a response of the resonator associated with the second time. 
The inventions are generally directed, in another third 

aspect, to a method for monitoring and/or controlling a reac
tionmixture or components thereof. In this method, one or 
more liquid components are provided in a process vessel, and 30 

at least one non-polymeric organic component in provided in 
the process vessel. The at least one non-polymeric organic 
component is dissolved or dispersed in the one or more liquid 
components to form a solution or dispersion, respectively. 
Optionally, additional reactants can be provided to the pro- 35 

cess vessel to form a reaction mixture. One or more of the 

electrical circuits comprising signal processing circuitry or 
data retrieval circuitry or combinations thereof. In another, 
second approach to this aspect of the invention, the system 
can comprise an on-line sensor (other than a temperature 
sensor, a pressure sensor and a flow sensor), the on-line sensor 
being configured in association with the fluid system such 
that the sensor can monitor a fluid within the fluid system. The 
monitored fluid can be the vapor, the condensate or the dis
tillate. Preferably, the on-line sensor is adapted for determin
ing one or more fluid-composition-dependent properties of 
the vapor, the condensate or the distillate. 

The invention is further directed to a method for monitor
ing the moisture content of a hygroscopic fluid. In such appli
cations, the method comprises contacting a sensing surface of 
a mechanical resonator with the hygroscopic liquid, stimu
lating the resonator while in contact with the fluid, and moni
toring the response of the resonator. 

In any case (including any generally recited method or 
system as set forth above and/or as specifically recited in the 
following detailed description), in preferred method and sys
tem approaches and embodiments, the sensor comprises one 
or more flexural resonators. The one or more flexural resona
tors can comprise a flexural resonator sensing element having 
a sensing surface for contacting the fluid being sensed. In 
operation during a sensing period, the sensing surface of a 

fluids provided to the process vessel or contained within the flexural resonator displaces or is displaced by at least a por-
process vessel are monitored using a mechanical resonator tion of the fluid being sensed. The flexural resonator sensor 
sensor. The monitored fluids can be selected from the one or can be operated passively or actively, and if actively operated, 
more liquid components, the at least one non-polymeric 40 is preferably excited using a stimulus signal. The particular 
organic component, the solution or dispersion, the reaction nature of the stimulus signal is not critical, but in some 
mixture, and combinations thereof. The fluid is monitored by embodiments, the stimulus signal can be a waveform having 
a method that includes contacting a sensing surface of a a frequency (e.g., a predeternlined frequency) or having a 
mechanical resonator with the fluid, stimulating the fluid- range of frequencies (e.g., being swept over a determined or 
contacted resonator, and monitoring a response of the reso- 45 predetermined range of frequencies), and in each such case, 
nator. having a frequency or a range of frequencies ofless than about 

The invention is also broadly directed, in a fourth aspect, to 1 MHz. In some embodiments, additional sensors (e.g., such 
various systems for monitoring and/or controlling a unit as temperature and/or pressure sensors) can be employed in 
operation that includes separating one or more components of the systems and methods in combination with the one or more 
a multi-component composition by distillation. The systems 50 mechanical resonators (preferably, flexural resonators). In 
generally comprise a sensor in combination with a distillation some embodiments, alternative sensors can be employed in 
system. In some preferred embodiments, the sensor com- place of a mechanical resonator sensor. Further discussion of 
prises at least one resonator. In especially preferred embodi - preferred sensors and sensor subassemblies (comprising or 
ments, the sensor comprises one or more mechanical resona- more components of a sensor), as well as the preferred use 
tors including at least one flexural resonator. Generally, the 55 thereof, are described hereinafter. 
system comprises a fluid system configured for distillation The monitoring methods of the invention are especially 
and one or more sensors configured in association with the and advantageously adapted to monitoring and control of unit 
fluid system such that the sensor can monitor a fluid within the operations in industrial manufacturing processes comprising 
system. Generally, the fluid system can comprise (i) a process production of chemicals, production of pharmaceuticals, 
container for providing a multi-component composition com- 60 refining of petroleum, recovery and isolation of desirable 
prising one or more liquid components, (ii) a heat source products from natural sources, etc. However, the monitoring 
associated with the process container and adapted for vapor- methods of the invention are also useful as tools in the evalu-
izing at least a portion of at least one liquid component of the ation and design of unit operations based on observations 
composition to form a vapor, (iii) a condenser in fluid com- obtained in a laboratory, pilot plant, semi-works, or even full 
munication with the process container for receiving the vapor, 65 scale industrial context, e.g., in the evaluation of the kinetics 
(iv) a heat sink associated with the condenser for condensing or biological reaction, the scaleup of agitation for a chemical 
the vapor to form a condensate, and (v) a distillate receiver for reaction, and the like. "Industrial" manufacturing, extraction 
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or refining process operations are understood by those skilled 
in the art to be distinguishable from research and develop
ment applications. Typically, industrial operations are char
acterized by one or more of the following attributes: (a) they 
are conducted to manufacture a product for c0111111ercial sale; 
and/or (b) they are conducted on a scale several orders of 
magnitude larger than any corresponding research opera
tions; and/or (c) they are operated and controlled to operate 
consistently and routinely under a prescribed set of condi
tions and/or procedures; and/or (c) they are operated in facili- 10 

ties requiring a substantial allocation of land and/or capital 
investment; ( e) they are conducted on a sustained basis over 
several days, one or more weeks, one or more months, or 
more than one year; and/or (f) they are operated and con
trolled to yield a product at a cost not substantially greater 15 

than, and ordinarily less than, a market price for the product. 
Generally, the various approaches and embodiments of the 

methods and systems of the invention as summarized herein
before and described in f\.!rther detail hereinafter are particu
larly advantageous with respect to many diverse types of 20 

fluids in many diverse types of applications of separation 
operations such as distillation operations. 

As noted above, the methods and systems of the invention 
are generally advantageous with respect to sensing, monitor
ing and/or evaluating (e.g., determining one or more proper- 25 

ties) fluids being processed through separation operations 
such as distillation operations, solvent extraction, evapora
tion or drying. The methods and systems of the invention are 
particularly advantageous in comlection with process control 
applications for such operations. In general, commercial ben- 30 

efit is realized by industrial efficiency and improved quality 
control afforded by on-line sensing capabilities ofthe present 
invention. C0111111ercial benefit is also realized by relative 
simplicity and lower costs with respect to sensor deployment, 
sensor operation, sensor maintenance, sensor repair and/or 35 

replacement. Further advantages are also realized with 
respect to particular applications, some of which are 
described herein and in the Detailed Description of the inven
tion. 

The advantages of the methods and systems of the inven- 40 

tion allows for applications of the methods and systems of the 
invention across diverse industries, including for example, 
across industries such as the petroleum, chemical, phanna
ceutical, healthcare and enviroll111ental industries. 

The present invention offers substantial advantage over 45 

conventional sensor systems, in that multiple specific com
position-dependent fluid properties (e.g., density, viscosity, 
dielectric) can be detemlined-using the same sensor. 
Obtaining data for multiple properties using a single sensor or 
sensor system affords opportnuities for more sophisticated 50 

process monitoring and process control, including for 
example monitoring and/or controlling a process based on 
multiparametric data values (typically derived using statisti-
cal data analysis). 

Significantly, the advantages of the method and system can 55 

also be employed across various product development stages, 
including discovery stage and optimization stage on a 
research (lab) scale operations, pilot plant scale operations, 
and commercial scale operations. This inter-scale sensing 
capability affords improved efficiency and quality of scale-up 60 

for cOllullercialmaterial candidates, and therefore, improves 
overall product development timelines and costs. 

The present invention is further directed to various meth
ods for monitoring a manufacturing, extraction or refining 
process. In various such embodiments, the process comprises 65 

altering the composition of a feed mixture and the method 
comprises contacting a sensing surface of a mechanical reso-

8 
nator and monitoring the response of the resonator. The fluid 
is selected from the group consisting of a fluid phase com
prising the altered mixture, another phase produced in alter
ing the composition of the mixture, and combinations thereof. 

The present invention is also directed to methods for moni
toring a unit operation comprising distillation. In various such 
embodiments, the method comprises introducing a second 
solvent into a feed mixture comprising a feed solution com
prising a first solvent and a solute, thereby producing a mixed 
solvent solution comprising the first solvent, the second sol
vent and the solute and vaporizing a portion of the mixed 
solvent solution nuder conditions oftemperature and pressure 
at which the volatility of the second solvent is lower than the 
volatility of the first solvent, to provide a primary vapor 
fraction enriched in the first solvent relative to the mixed 
solution and a residual liquid phase enriched in the second 
solvent relative to the mixed solution. The method further 
comprises contacting a sensing surface of a mechanical reso
nator with a fluid selected from the group consisting of the 
primary vapor fraction, a distillate fraction condensed from or 
in equilibrium with the primary vapor fraction, the residual 
liquid fraction, a secondary vapor fraction flashed from or in 
equilibrill111 with the residual liquid fraction, and combina
tions thereof, and monitoring the response of the resonator. 

In still further embodiments, the present invention is 
directed to methods for monitoring a unit operation compris
ing liquid/liquid extraction. The unit operation comprises 
contacting a liquid feed mixture with another liquid that is 
illllniscible with the feed mixture but comprises a solvent for 
a component of the liquid feed mixture, thereby causing 
transfer of the component from the liquid feed mixture to the 
another liquid, producing an extract comprising the solvent 
and the transferred component, and altering the composition 
of the liquid feed mixture to produce a raffinate having a 
reduced concentration of the transferred component. The 
monitoring method comprises contacting a sensing surface of 
a mechanical resonator with a fluid selected from the group 
consisting of the feed mixture, the extract, the raffinate, and 
combinations thereof, and monitoring the response of the 
resonator. 

The present invention is also directed to methods for mOlu
toring a process comprising a unit operation comprising 
evaporation. The process comprises vaporizing a portion of a 
liquid feed mixture comprising a liquid solvent and a solute 
dissolved in the solvent, thereby producing a vapor phase 
comprising the solvent and a residual liquid phase having an 
increased concentration of the solute in the solvent. The 
method comprises contacting a sensing surface of a mech31u
cal resonator with a fluid selected from the group consisting 
of the vapor phase, a condensate condensed from the vapor 
phase, the residual liquid, a fluid dispersion comprising the 
residual liquid phase, and combinations thereof, and moni
toring the response of the resonator. 

In still f\.!rther embodiments, the present invention is 
directed to a method for monitoring a unit operation compris
ing removal of another condensed phase component from a 
feed mixture comprising a solid component and the another 
condensed phase component, the method comprising con
tacting a mechanical resonator with a fluid phase comprising 
the component removed from the feed mixture, and monitor
ing the response of the resonator. 

The present invention is also directed to various methods 
for monitoring a unit operation comprising membrane sepa
ration. The membrane separation comprises introducing a 
feed mixture into a feed zone on an upstream side of a mem
brane separator at a pressure higher than the pressure in a 
permeate zone on the other side of the membrane, passage of 
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fluid through the membrane yielding a permeate in the per
meate zone and a retentate or tangential flow fraction in the 
feed zone or in a discharge stream exiting the feed zone. The 
method for monitoring the unit operation comprises contact
ing a mechanical resonator with a fluid phase selected from 
the group consisting of the feed mixture, the permeate, the 
retentate, the tangential flow fraction and combinations 
thereof, and monitoring the response of the resonator. 

In various other embodiments, the present invention is 
directed to various methods for monitoring a process com- 10 

prising a unit operation comprising sorption. Typically, the 
unit operation comprises contacting a fluid feed mixture with 
a sorbent, and sorbing a component of the feed mixture into or 
onto the sorbent, thereby yielding a fluid fraction depleted in 
the sorbed component. The method for monitoring the unit 15 

operation comprises contacting a fluid phase representative of 
the extent and/or effectiveness of the sorption with a mechani-
cal resonator, and monitoring the response of the resonator. 

The present invention is also directed to various methods 
for monitoring a unit operation comprising crystallization. 20 

The unit operation comprises processing a solution compris
ing a solute to be crystallized to effect precipitation of the 
solute. The method for monitoring the unit operation com
prises contacting a sensing surface of a mechanical resonator 
with a fluid representative of the crystallization, and monitor- 25 

ing the response of the resonator. 
The present invention is also directed to methods for moni

toring a non-polymeric chemical reaction, the method com
prising contacting a sensing surface of a mechanical resona-
tor with a fluid phase selected from the group consisting of a 30 

fluid reaction medium in which the reaction is or has been 
conducted, a fluid comprising a source of a reactant for the 
reaction, a fluid comprising a catalyst or source of catalyst for 
the reaction, a fluid comprising a product of the reaction, a 
fluid comprising a by-product of the reaction, a fluid that is 35 

separated from a fluid reaction medium during or after the 
reaction, and combinations thereof. The method further com
prises monitoring the response of the resonator. 

In various other embodiments, the present invention is 
directed to methods for monitoring the condition of a hygro- 40 

scopic liquid, the method comprising contacting a sensing 
surface of a mechanical resonator with the liquid, and moni
toring the response of the resonator. 

In still further embodiments, the present invention is 
directed to various methods for monitoring a process com- 45 

prising distillation of a feed mixture comprising a plurality of 
components. The method comprises introducing the feed 
mixture into a distillation colurml in a feed stage that is below 

10 
tion, the method comprising contacting a sensing surface of a 
mechanical resonator with fluid selected from the group con
sisting of a fluid reaction medium in which the reaction is or 
has been conducted, a fluid comprising a source of a reactant 
for the reaction, a fluid comprising a catalyst or source of 
catalyst for the reaction, a fluid comprising a product of the 
reaction, a fluid comprising a by-product of the reaction, a 
fluid that is separated from a fluid reaction medium during or 
after the reaction, and combinations thereof. The process 
further comprises stimulating the sensor while in contact with 
the fluid, monitoring the response of the resonator, and deriv
ing a kinetic parameter of the reaction from data obtained by 
monitoring the response. 

The present invention is further directed to methods for 
determining the temperature at which a test solution compris
ing a known concentration of a solute in a solvent is at its 
maximum metastable supersaturation concentration. Typi
cally, the method comprises preparing the test solution at a 
temperature sufficient to cause all of the solute to be dis
solved, cooling the solution while the solution is in contact 
with a mechanical resonator, and monitoring the temperature 
during cooling and the response of the resonator to detect 
precipitation, the known concentration of the test solution 
constituting the maximum metastable supersaturated solu
tion concentration at the precipitation temperature. 

In accordance with one or more of the foregoing embodi
ments, the process or unit operation monitored may be an 
industrial process or unit operation. Additionally or alterna
tively, in accordance with one or more of the foregoing 
embodiments, the mechanical resonator utilized is typically a 
flexural mechanical resonator. 

Other features, objects and advantages of the present 
invention will be in part apparent to those skilled in art and in 
part pointed out hereinafter. All references cited in the instant 
specification are incorporated by reference for all purposes. 
Moreover, as the patent and non-patent literature relating to 
the subject matter disclosed and/or claimed herein is substan
tial, many relevant references are available to a skilled artisan 
that will provide further instruction with respect to such sub
ject matter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. IA through 1E are schematic representations of 
various fluid systems configured for distillation and of com
ponents thereof. Fluid systems, as illustrated, are suitable for 
single-stage batch, semi-continuous or continuous distilla
tions (FIG. IA), for multi-stage batch, semi-continuous or 
continuous distillations (FIG.IB), for multi-stage continuous 
distillations (FIG. IC) and for continuous flash distillation 
(FIG. IE), as well. A schematic side sectional view of a 
portion of distillation column that includes a sieve plate is 
also illustrated (FIG. 1D). 

FIG. 2 is a schematic, cross-sectional view of a portion of 
a condensate discharge line that includes a sample collector. 

FIGS. 3A through 3D illustrate sensors suitable for use in 
connection with the general methods and systems of the 
invention, including schematic representations illustrating 
one embodiment in which a sensor comprises multiple 
mechanical resonators (desiguated by circled numbers 1, 2 
and 3) linked in COl1l11lunication with one or more circuits 
through a cormllon communication path (FIG. 3A), and illus
trating embodiments in which the circuits comprise signal 

a rectification zone comprising a plurality of rectification 
stages and/or above a stripping zone comprising a plurality of 50 

stripping stages; generating a primary vapor fraction and a 
residual liquid phase in the distillation colurml. The sensing 
surface ofa mechanical resonator is contacted with: (i) a fluid 
comprising the primary vapor fraction or a distillate fraction 
condensed irom or in equilibrium with the primary vapor 55 

fraction in the top stage of such rectification zone or an 
intermediate rectification stage between the feed stage and 
the top stage; and/or (ii) a fluid comprising the residual liquid 
fraction or a secondary vapor fraction generated from or in 
equilibrium with the residual liquid fraction in the bottom 60 

stage of the stripping section or an intermediate stripping 
stage between the feed stage and the bottom stage. The pro
cess further comprises stimulating the resonator while in 
contact with the fluid and monitoring the response of the 
resonator. 65 processing circuitry and/or data retrieval circuitry, generally 

(FIG. 3A), with various detailed configurations (FIG. 3B and 
FIG. 3C), and with the one or more circuits being configured 

The present invention is also directed to various methods 
for evaluating a parameter of the kinetics of a chemical reac-
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to be partially local and partially remote (for example, as a 
ported sensor subassembly) (FIG. 3D). 

FIGS. 4A through 41 are schematic representations of a 
fluid system (FIG. 4A) and of several configurations for flex
ural resonator sensing elements (FIG. 4B through 41). 

FIGS. 5A through 5C are a schematic representation of an 
equivalent circuit for a sensor comprising a flexural resonator 
sensing element (FIG. 5A) and of equations relating thereto 
(FIG. 5B and FIG. 5C). 

12 
FIG. 22 presents equations reflecting a kinetic analysis of 

the reaction of Example 6 based on the density response 
illustrated in FIGS. 17 and 19; 

FIG. 23 sets forth plots of the logarithm of the instanta
neous reaction rate vs. the logarithm of the furan concentra
tion for various combinations of initial furan concentration 
and initial maleic anhydride concentration as described in 
Example 6, depicting slopes at substantially constant maleic 
anhydride concentration which are indicative of the order of 

FIGS. 6A through 6C are schematic representations of one 
preferred approach for circuitry that can be used in COl1llec
tion with the various embodiments of the invention, at least a 
portion of the circuitry being realized in an application spe
cific integrated circuit (ASIC). FIGS. 6D and 6E illustrate 
exemplary data that may be stored within a memory compris
ing user-defined data. 

10 the reaction with respect to furan. 
FIG. 24 is a plot ofthe logarithm of instantaneous reaction 

rate vs. the logarithm of instantaneous maleic anhydride con
centration in the reactions of Example 6, and includes a plot 
depicting a slope indicative of the order of the reaction with 

15 respect to maleic anhydride. 

FIGS. 7A through 7D are schematic representations of 
alternative approaches for realizing circuitry in an ASIC. 

FIG. 25 is a plot of dielectric constant vs. time during the 
slow reaction of furan with maleic anhydride in a dioxane 
medium as described in Example 6, and includes an excerpt 
on an enlarged unit scale of dielectric constantvs. time for the 

20 reaction mixture through the early stages of precipitation. 
FI G. 8 is a plot illustrating the monitoring data for density 

(blue data, as illustrated) resulting from the solvent-switching 
experiment involving ethyl acetate and n-heptane, as 
described in Example 1, together with expected data values 
based on a computer simulation (ASPEN/METLAB), shown 
superimposed in FIG. 8 (red data, as illustrated). The data 
near the end-point is also shown, on a larger scale, in the insert 25 

plot ofFIG. 8. 
FIG. 9 is a plot illustrating the monitoring data for density 

at low residual amOl1llts ofIHF in ethyl acetate, as described 
in Example 2. 

FIG. 10 is a plot illustrating the monitoring data for density 30 

(blue data) and dielectric (red data) resulting from an experi
ment involving a solvent switching operation, in which a 
solute precipitates out of solution as a result of the solvent 
switch, as described in Example 3. 

FIG. 26 is a schematic flow sheet of a process for drying of 
solids, illustrating placement of a hming fork resonator in the 
vapor flow line from the dryer, prior to any associated liquid 
trap. 

FIG. 27 is a plot of the density response of a tl1lling fork 
resonator in the vapor line from the dryer as a function of time 
during the removal of isopropyl acetate from a wetcake con
sisting of particulate sodium bicarbonate wetted with isopro-
pyl acetate as described in Example 7. 

FIG. 28 is plot of the density response of a tuning fork 
resonator in the vapor line from the dryer as a function oftime 
during the removal of isopropyl acetate from a wetcake con
sisting of particulate sodium bicarbonate wetted with isopro
pyl acetate as described in Example 8 superimposed upon 

35 which are determinations of wet cake loss-on-drying 
("LOD"). 

FIG. 11 is a plot illustrating the monitoring data for density 
for an experiment representing a solute concentration opera
tion, as described in Example 4. The data at low solute con FIG. 29 is a plot similar to that ofFIG. 28 but in which the 
centrations are also shown, on a larger scale, in the insert plot 

resonator frequency sweep rate is reduced to increase the 
ofFIG.11. signal to noise ratio, as described in Example 9. 

FIG. 12 is a schematic illustration of the operation of a 40 
batch stirred tank reactor, showing a resonating tuning fork in FIG. 30 is a plot of the density response of a hUling fork in 
contact with the reaction medium for monitoring the progress the vapor line from the dryer as a function of time during 
of the reaction. removal of water and isopropyl acetate from a wetcake con-

FIG. 13 is a plot illustrating the dielectric constant response sisting of sodium bicarbonate wetted with both isopropyl 
(raw data) of a tuning fork resonator vs. time during fast 45 acetate and water, as described in Example 10. 
reaction of n-phellandrene with maleic anhydride in an ether FIG. 31 is a plot of density as measured by a hlning fork 
reaction medium as described in Example 5. resonator as fimction of wt. % n-heptane, without tempera-

FIG. 14 is a plot illustrating the viscosity response (raw ture compensation, in a series of sample mixtures used in 
data) of a tuning fork resonator vs. time during the reaction of Example 11 to simulate the composition of liquid out of the 
Example 5. 50 condenser associated with the still pot during a solvent switch 

FIG. 15 is a plot illustrating the density response ofa tuning distillation in whichn-heptane is substituted for ethyl acetate; 
fork resonator vs. time during the reaction of Example 5, FIG. 32 is plot of density vs. wt. % n-heptane obtained in 
including plots of both raw data and temperature corrected the same simulation depicted in FIG. 31, except that the 
values. density responses in FIG. 32 have been corrected to 20° C. 

FIG. 16 is a plot illustrating the viscosity response of a 55 based on the thermal coefficient of expansion ofn-heptane as 
tuning fork resonator vs. time during slow reaction of furan obtained from literature; 
and maleic anhydride in a dioxane medium with precipitation FIG. 33 depicts two plots of density vs. wt. % heptane from 
of the Diels-Alder adduct, as described in Example 6. the simulation of Example 11, both near the end point ofthe 

FIG. 17 is a plot illustrating the density response of a hming simulated distillation, the first showing both l1llcorrected and 
fork resonator vs. time during the reaction of Example 6. 60 temperature-corrected data in the range of 97% to 100% by 

FIG. 18 is a plot illustrating the dielectric constant response weight n-heptane, the other showing only temperature cor-
of a tuning fork resonator vs. time during the reaction of rected data and in the range of 99.0 to 100% n-heptane; 
Example 6. FIG. 34 is a plot of density as measured by a tuning fork 

FIGS. 19, 20 and 21 present the density, viscosity and resonator as fl1llction ofwt. % n-heptane in another series of 
dielectric constant responses of FIGS. 17, 16 and 18, respec- 65 sample mixtures used in Example 11 to simulate the compo-
tively, on an enlarged l1llittime scale during the period prior to sition in the still pot during a solvent switch distillation in 
precipitation. which ethyl acetate is substiMed for tetrahydrofuran (THF), 
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showing both the uncompensated and temperature compen
sated response in the range of 90% to 100% by weight ethyl 
acetate; 

FIG. 35 depicts two dimensional representations of a three 
dimensional plot of temperature corrected density (as mea
sured with a tuning fork resonator) vs. residual ethyl acetate 
and THF content near the end point of a solvent switch 
replacement of ethyl acetate and THF withn-heptane as simu
lated by a lllrther series of samples prepared and tested per 
Example 11, the representation on the right consisting of a 10 

rotated view orthogonal to the principal component axis; 
FIG. 36 depicts two plots of the same nature as those of 

FIG. 35, but for the dielectric component response rather than 
the density response; and 

FIG. 37 depicts the three component plots ofFIGS. 35 and 15 

36, and demonstrates that, at any given n-heptane concentra
tion in such three component system, the specific ethyl 
acetate and THF concentrations are determined by the inter
section of a line representing the range of ethyl acetate/THF 
concentrations consistent with the density response with a 20 

line representing the range of ethyl acetate/THF concentra
tion consistent with the dielectric constant response. 

14 
into the COhUllll in a feed stage that is below the rectification 
zone, a liquid reflux stream is recycled to the rectification 
zone from an overhead vapor condenser to provide a liquid 
phase that flows downwardly through the rectification zone 
countercurrently to upwardly flowing vapor, and the primary 
vapor fraction comprises the vapor phase in the top stage of 
the rectification zone or a stage intermediate the feed stage 
and the top stage. Where the colUllln comprises a stripping 
zone, the feed mixture is introduced into a feed stage above 
the stripping zone, a reboiler revaporizes a fraction of the 
liquid from the bottom stage to generate a vapor phase that 
flows upwardly through the stripping zone countercurrently 
to downwardly flowing liquid, and the residual liquid com
prises the liquid in the bottom stage or a stage intermediate the 
feed stage and the bottom stage. In industrial chemical manu
iacturing operations, for example, or especially in petroleum 
refining, one or more side cuts may be taken from the recti
fication zone and or the stripping zone. 

The vapor phase at the rectification stage from which each, 
any and/or all of these intermediate cuts are drawn may be 
deemed a "primary vapor fraction" for purposes of practicing 
the method of the invention. If a vapor phase is withdrawn 
from a rectification stage as a primary vapor fraction, either 
this vapor or a distillate fraction condensed from it may 

The invention is described in further detail below with 
reference to the figures, in which like items are numbered the 
same in the several figures. 

DETAILED DESCRIPTION OF THE INVENTION 

25 typically be contacted with the sensing surface of the resona
tor. Alternatively, a distillate liquid in equilibrium with a 
primary vapor fraction may be withdrawn from a rectification 
stage. A.ny of these fluids may be contacted with the sensing 

The following paragraphs describe certain features and 
combinations offeatures that can be used in connection with 30 

surface of a mechanical resonator for purposes of monitoring 
the process. In some instances, a sensor may be used to 
monitor a vapor fraction produced by flashing a distillate each of the various methods, sensors and systems of the 

invention, as generally described above. Also, particular fea
tures described hereinafter can be used in combination with 
other described features in each of the various possible com
binations and permutations. As such, the invention is not 
limited to the specifically described embodiments. 

General Overview~Methods 
In practice of the method of the invention, the feed mixture 

to the process is typically a fluid mixture comprising a plu
rality of fluid components, and the process operates to sepa
rate components of the mixture by a change in state in the 
fluid feed mixture, or by mass transfer of a component of the 
feed mixture to another fluid, e.g., in unit operations such as 
distillation, liquid/liquid extraction or partial condensation. 
In distillation, the feed mixture ordinarily comprises a liquid 
phase mixture comprising a plurality of liquid components, 
but may also include or consist of a vapor phase mixture 
comprising a plurality of vapor components. Where the feed 
mixture comprises a liquid mixture, a portion of the mixture 
is vaporized to produce a primary vapor fraction and a 
residual liquid fraction. In monitoring and/or controlling the 
process, the sensing surface of a mechanical resonator is 
contacted with the primary vapor fraction, a distillate fraction 
condensed from or in equilibrium with the primary vapor 
fraction, the residual liquid fraction, or a secondary vapor 
flashed from or in equilibrium with the residual liquid frac
tion. 

condensed from or in equilibrinnl with the primary vapor 
fraction, e.g., by flashing the overhead condensate from the 
coluum or by flashing a liquid withdrawn from a rectification 

35 tray. A vapor phase produced in this maJmer is also deemed a 
"primary vapor fraction" for purposes of the practice of the 
method. 

Similarly, the liquid phase at the stripping stage from 
which each, any intermediate cut is drawn may be deemed a 

40 "residual liquid fraction" for purposes of the invention. If a 
liquid phase is withdrawn from a stripping stage as a residual 
liquid fraction, either this liquid or a secondary vapor flashed 
from it may typically be contacted with the sensing surface of 
the resonator. Alternatively, a secondary vapor comprising 

45 boilup vapor in equilibrium with a residual liquid fraction 
may be withdrawn from a stripping stage. Any of these fluids 
may be contacted with the sensing surface of a mechaJlical 
resonator for purposes of monitoring the distillation process. 
In some instances, the sensor may be used to monitor a liquid 

50 fraction produced by condensing a secondary vapor flashed 
from or in equilibrinnl with the residual liquid fraction, e.g., 
by condensing a fraction flashed from the colullm bottom 
fraction or by condensing a secondary vapor withdrawn from 
a stripping tray. A condensate produced in this manner is also 

55 deemed a "residual liquid iraction" for purposes of the prac
tice of the method of the invention. 

Where it is subjected to fractional distillation, the feed 
mixture may be introduced into a distillation colulllll having 60 

a plurality of vapor-liquid equilibrium stages. The colulllll 
may comprise a rectification zone comprising a plurality of 
rectification stages, a stripping zone comprising a plurality of 
stripping stages, or both a rectification zone and a stripping 
zone. The feed mixture is typically liquid, but may alterna- 65 

tively be vapor or a liquid/vapor mixture. Where the column 
comprises a rectification zone, the feed mixture is introduced 

Where the feed mixture comprises a vapor phase mixture, 
a separation may be effected by partial condensation, or by 
introduction of the feed mixture into a distillation colunlll. 
Where the process comprises partial condensation, a primary 
condensate and a residual vapor fraction are produced. The 
sensing surface may be contacted with the primary conden
sate, the residual vapor fraction, a secondary vapor fraction 
flashed from or in equilibrium with the primary condensate, 
or a secondary liquid iraction condensed from or in equilib
rium with the residual vapor fraction. Where the process 
comprises rectification of the vapor phase exiting the partial 
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condenser or stripping of the liquid condensate, the operation 
devolves to distillation as described above. 

In the context of the instant disclosure, it will be under
stood that "separation" encompasses separation of a feed 
mixture into a plurality of fractions of differing composition, 
e.g., in the case of distillation, an overheads fraction or stream 
relatively enriched in a more volatile component and a bot
toms fraction or stream relatively enriched in a less volatile 
component. 

TIle inventions are further directed, in one aspect, to a 10 

method monitoring and/or for controlling a unit operation 
that includes separating one or more components of a multi
component composition by distillation. The particular 
approach to the distillation operation and the particular con
figuration for the distillation system is not narrowly critical. 15 

Hence, the distillation operation can include for example 
batch distillation approaches/configurations, continuous dis
tillation approaches/configurations and semi-continuous dis
tillation approaches/configurations. 

In a batch distillation, the properties of the fluid sensed by 20 

the mechanical resonator may be monitored either constantly 
or at discrete intervals in time as a function of time, and the 
end point of the distillation identified when the propert(ies) 
being monitored reach or are projected to reach a defined 
target or combination oftarget values. In continuous distilla- 25 

tion, one or more process streams may be monitored to deter
mine if the target composition or property of the monitored 
stream(s) is being met, with independent variables such as 
feed rate, boilup rate, reflux ratio, product cut, etc., being 
adjusted in response to establish and maintain desired values. 30 

The distillation operation can be based on one or more 
separation principles, and can therefore include for example 
differential distillations, flash distillations, single-stage dis
tillations, multi-stage distillations, etc. Generally, distillation 
operations can be described as separation of components of a 35 

multi-component composition that comprises one or more 
liquid components based on a difference in volatility of at 
least one of the one or more liquid components as compared 

16 
monitor one or more of the vapor, the condensate or the 
distillate. In this second approach, at least one on-line sensor 
is other than a temperature sensor, pressure sensor or flow 
sensor. 

Various aspects of the methods of the invention are 
described in more detail in the illllllediately following para
graphs and further in the subsequent detailed description with 
reference to various figures. Each of the various aspects as 
generally and as specifically described are contemplated to be 
combined in various permutations and combinations. 

The multi -component composition, such as a solution or a 
dispersion, can be provided to a fluid system or can be pro
vided within a fluid system (e.g., provided to or provided 
within a process vessel such as a tank or a still or a reboiler. 
etc., or provided to or provided within a process pipeline such 
as a feed pipe for a flash distillation system, etc.). For 
example, the multi-component composition can be provided 
to a fluid system by feeding the multi-component composi
tion (continuously, intermittently, or batchwise) to the fluid 
system. 

At least a portion of at least one liquid component of the 
one or more liquid components of the multi-component com
position is vaporized to form a vapor. Typically, vaporization 
of the mUlti-component composition is effected by control
ling one or more process conditions (e.g., temperature, pres
sure) of the mUlti-component composition. The multi-com
ponent composition can be heated, for example, in any 
suitable manner (e.g., using a heating jacket and/or heating 
coils) to raise the temperature of the multi-component com
position. Likewise, alternatively or additionally, the pressure 
of the multi-component system (e.g., the vapor pressure in a 
headspace above the multicomponent composition) can be 
reduced, for exanlple, in any suitable mauner such as by 
drawing a full or partial vacuum. Phase diagrams represent
ing pressure-temperature relationships for vaporizing liquid
components and multi-component compositions are well 
known in the art. 

At least a portion of the resulting vapor can be condensed 
to fornl a condensate. Typically, the vapor (or a portion 
thereof) is fed to a process vessel for a condensation opera
tion, where condensation of the vapor is effected by control
ling one or more process conditions (e.g., temperature, pres
sure) of the vapor. The vapor can be cooled, for example, in a 

to the multi -component composition or to other components 
thereof. Although specific approaches and/or configurations 40 

for various distillation operations are described herein, such 
approaches and/or configurations are considered exemplary, 
and not limiting with respect to the scope of the invention 
except to the extent certain requirements are expressly recited 

45 condenser, as is well known in the art. Likewise, alternatively 
or additionally, the pressure of the vapor (e.g., the vapor 
pressure in a condenser) can be increased, for example. Phase 
diagrams representing pressure-temperature relationships for 
condensing vapor-phase components are well known in the 

in the claims. 
Generally, then, the method of the inventions can comprise 

monitoring and/or controlling a unit operation that includes 
separating, and preferably distilling a multicomponent com
position comprising one or more liquid components. A multi
component composition comprising one or more liquid com
ponents is provided (e.g., contained in or flowing through a 
process container such as a process vessel or a process pipe
line), and at least a portion of at least one liquid component of 
the multi-component composition is vaporized to form a 
vapor. The vapor is condensed to form a condensate. At least 55 

a portion of the condensate is recovered as a distillate. 

50 art. 

Generally, the process of the distilling operation can be 
monitored and/or controlled using one or more sensors. In 
one first approach, the sensor includes a mechanical resona
tor. In this first approach a sensing surface of a mechanical 60 

resonator is contacted with a fluid involved with the distilla-

At least a portion of the condensate is then recovered as a 
distillate. In some embodiments, as where all of the conden
sate is collected or discharged from the fluid system, the 
condensate itselfis the distillate (and in tltis context, the terms 
are referring to the same fluid and are therefore interchange
able). In other embodiments, for example in embodiments 
involving a multi-stage vapor-liquid contacting colunm, a 
portion of the condensate is diverted as a reflux streanl to 
provide rectification of colunm overheads and improve mass 
transfer efficiency and the remaining (non-diverted) portion 
of the condensate stream is then recovered as a distillate. 
Typically, reflux ratio, i.e., ratio of reflux to distillate may be 
increased to improve mass transfer efficiency and enhance the 
approach to equilibrium in the rectification zone. thereby 

tion operation. The fluid can be, for example, one or more of 
the multi-component composition, the vapor, the condensate 
or the distillate. The fluid-contacted resonator is stimulated 
(actively or passively), and a response of the resonator (to the 
stimulation) is monitored. In another, second approach. the 
sensor can be, generally, an on-line sensor configured to 

65 improving the degree of separation, or decreased to increase 
colUlllll productivity. Generally, the distillate can be consid
ered any or all portions of the condensate that are recovered 
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from the fluid system (making the fluidic system an open 
system with respect to distillate transfer out of the system, as 
described further below). 

As noted above, in a first approach, the process of the 
distilling operation as described herein can be monitored 
and/or controlled using a sensor that comprises a mechanical 
resonator. Generally, in this first approach a sensing surface of 

18 

a mechanical resonator is contacted with a fluid involved with 
the distillation operation. The fluid-contacted resonator is 
stimulated (actively or passively), and a response ofthe reso- 10 

nator (to the stimulation) is monitored. In preferred embodi
ments of this first approach, the method is applied as a process 
monitoring method or as a process control method which, in 
either case, includes stimulating the fluid -contacted resonator 
and monitoring a response of the resonator at a first time. 15 

Thereafter, at a second time after the first time, the monitoring 
and/or control methods include one or more of vaporizing at 
least a portion of at least one liquid component of the com
position to form a vapor, condensing the vapor to form a 
condensate, and recovering at least a portion of the conden- 20 

sate as a distillate at a second time. At a third time after the 

from the first fluid), stimulating the second-fluid-contacted 
resonator, and monitoring a response of the second resonator 
thereto, and further contacting a sensing surface of a third 
mechanical resonator with a third fluid (which third fluid can 
be same or different from each of the first fluid and the second 
fluid), stimulating the third-fluid-contacted resonator, and 
monitoring a response of the third-fluid-contacted resonator 
thereto. In such embodiments including at least three 
mechanical resonators, the first fluid, the second fluid and the 
third fluid can be, respectively for example: the multi-com
ponent composition, the vapor and the condensate; the multi-
component composition, the vapor and the distillate; the 
multi -component composition, the condensate and the distil
late; and the vapor, the condensate and the distillate. 

As another example, further embodiments of this first 
approach can comprise four mechanical resonators. Here, the 
method can comprise contacting a sensing surface of a first 
mechanical resonator with a first fluid, stimulating the first
fluid-contacted resonator, and monitoring a response of the 
first-fluid-contacted resonator thereto, additionally contact
ing a sensing surface of a second mechanical resonator with a 

second time, the fluid-contacted resonator is again stimulated 
(actively or passively) and a response of the resonator thereto 
is monitored. In a batch system, such sequential monitoring 

second fluid (which second fluid can be the same or different 
irom the first fluid), stimulating the second-fluid-contacted 
resonator, and monitoring a response of the second resonator 

25 thereto, further contacting a sensing surface of a third 
mechanical resonator with a third fluid (which third fluid can 
be same or different from each of the first fluid and the second 
fluid), stimulating the third-fluid-contacted resonator, and 

of the fluid allows the operator to identifY the end point of the 
process, and gauge the rate of approach to the end point 
during the progress of the batch process. In a continuous 
process, the resonator is monitored either repetitively, typi
cally at periodic intervals, or continuously, to provide infor
mation to the operator regarding the stability of the process 30 

and the maintenance of or departure from target properties 
and compositions. 

monitoring a response of the third-fluid-contacted resonator 
thereto, and still further contacting a sensing surface of a 
fourth mechanical resonator with a fourth fluid (which fourth 
fluid can be same or different from each of the first fluid, the 
second fluid and the third fluid), stimulating the fourth-fluid
contacted resonator, and monitoring a response ofthe fourth-

In further general description of this first approach, the 
method includes the use of at least one mechanical resonator 
having a sensing surface and configured within the fluid pro
cess system such that the sensing surface of the resonator can 
be in fluid contact with anyone of the fluids involved with the 
distilling operation, including for example, anyone or more 

35 fluid-contacted resonator thereto. In such embodiments 
including at least four mechanical resonators, the first fluid, 
the second fluid, the third fluid and the fourth fluid can be, 
respectively for example: the multi -component composition, 

of the multi-component composition, the vapor, the conden
sate and/or the distillate. In some embodiments of this first 40 

the vapor, the condensate and the distillate. 
In further general description of this first approach, the 

approach, more than one mechanical resonators can be 
employed, for example at different locations within the flu
idic system. 

Hence, for example, in embodiments of this first approach 
including two mechanical resonators, the method can com
prise contacting a sensing surface of a first mechanical reso
nator with a first fluid, stimulating the first-fluid-contacted 
resonator, and monitoring a response of the first-fluid-con
tacted resonator thereto, and further, contacting a sensing 
surface of a second mechanical resonator with a second fluid 
(which second fluid can be the same or different irom the first 
fluid), stimulating the second-fluid-contacted resonator, and 
monitoring a response ofthe second resonator thereto. In such 
embodiments, the first and second fluids can be, respectively 
for example: the multi-component composition and the 
vapor; the multi-component composition and the condensate; 
the multi -component composition and the distillate; the vapor 
and the condensate; the vapor and the distillate; and the con
densate and the distillate. 

Hence, for example, in additional embodiments ofthis first 
approach comprising three mechanical resonators, the 
method can comprise contacting a sensing surface of a first 
mechanical resonator with a first fluid, stimulating the first
fluid-contacted resonator, and monitoring a response of the 
first-fluid-contacted resonator thereto, additionally contact
ing a sensing surface of a second mechanical resonator with a 
second fluid (which second fluid can be the same or different 

response of the mechanical resonator can be correlated to one 
or more properties of the fluid being sensed. In particularly 
preferred embodiments for this approach, therefore, the 
method can further comprise determining one or more fluid 

45 properties of the fluid(s) (e.g., the multi-component compo
sition, the vapor, the condensate and/or the distillate) based on 
the monitored response of the mechanical resonator(s). Pref
erably, the one or more properties can be selected from among 
the group consisting of viscosity, density, dielectric, conduc-

50 tivity and combinations thereof. Density is a particularly pre
ferred property. 

In another, second approach (as noted above), the sensor 
can be, generally, an online sensor configured to monitor 
(e.g., including to sense and/or evaluate one or more proper-

55 ties of) one or more of the vapor, the condensate and/or the 
distillate. In this second approach, the on-line sensor prefer
ably comprises at least one on-line sensor that is a sensor 
other than a temperature sensor, a pressnre sensor and a flow 
sensor. Preferably, the at least one on-line sensor is adapted 

60 and configured for measuring fluid-composition-dependent 
properties of the vapor, the condensate and/or the distillate, 
and preferably is adapted and configured in particular for 
measuring fluid properties other than temperature, pressure 
and flow rate (which for purposes of most commercial appli-

65 cations involving distillation, are generally fluid-composi
tion-independent properties). Exemplary on-line sensors 
include for example, mechanical resonator sensors, optical 
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sensors, electrical sensors, density sensors, viscosity sensors, 
etc. Particnlarly preferred on-line sensors include, for 
example, mechanical resonator sensors such as flexural reso
nator sensors or torsional resonator sensors, as well as refrac
tive index sensors. 

Preferably, in this second approach, the vapor, condensate 
or distillate are monitored using the on-line sensor to deter
mine one or more properties of the vapor, the condensate or 
the distillate, where the one or more properties are selected 
from among the group consisting of viscosity, density, an 10 

electrical property, an optical property and combinations 
thereof. More preferably, the one or more properties can be 
selected from among the group consisting of viscosity, den
sity, dielectric and combinations thereof. Alternatively, the 
one or more properties are one or more electrical properties 15 

selected from the group consisting of dielectric, conductivity 
and combinations thereof. Alternatively, the one or more 
properties are one or more optical properties. With respect to 
optical properties, the monitoring step can comprise irradiat
ing a portion of the fluid being sensed (e.g., the vapor, the 20 

condensate or the distillate) with electromagnetic radiation 
and observing a response resulting from allowing the electro
magnetic radiation to interact with the fluid being sensed. 
Typically, the observed response can include a response 
selected from the group consisting of absorbance, reflectance, 25 

scattering, refraction and combinations thereof. In a preferred 
embodiment involving optical properties, the one or more 
properties include refractive index. 

In further general description of this second approach to 
the methods of the invention, the particular configuration of 30 

the on-line sensor is not narrowly critical. Preferably, the 
on-line sensor effects a fluid sensing operation locally to the 
fluid system without laborious and inefficient human-ef
fected sampling and without off-system analysis (e.g., via 
shipment or carrying to an off-site analytical laboratory). 35 

Preferably, the on-line sensor senses the fluid in a sensing 
operation with at least some response of the sensor being 
sensed and preferably processed in near real time. The par
ticular response time is not narrowly critical, but is preferably 
sufficiently fast to provide meaningful process monitoring 40 

and/or process control for the distillation operation at interest. 
Without being limited except to the extent expressly set forth 
in the claims, the response time of the on-line sensor is pref
erably not more than arOlmd 10 minutes, preferably not more 
than around 5 minutes, more preferably not more than around 45 

2 minutes and most preferably not more than around one 
minute. In some embodiments, even faster response times are 
possible, and can be advantageous, including for example 
response times of not more than about 40 seconds or not more 
than about 30 seconds or not more than about 20 seconds or 50 

not more than about 10 seconds. 
The inventions are generally directed, in another second 

aspect, to a method for monitoring and/or for controlling a 
reaction, especially where the reaction is conducted in a fluid 
medium, i.e., a gas or vapor phase, a liquid phase, or a mixed 55 

liquid and gas or vapor phase. For example, where the 
medium comprises a liquid phase, the sensing surface of the 
resonator may be contacted with the medium itself, a solution 
comprising a reactant and/or product of the reaction in the 
reaction medium, a dispersion comprising a reactant and/or 60 

product of the reaction in the reaction medium, a vapor phase 
evaporated from the medium, another liquid phase resulting 
from a phase separation during the course of the reaction, or 
a dispersion comprising another liquid phase. Where the reac
tion is conducted in the gas phase, the sensing surface of the 65 

resonator may be contacted with a fluid selected from the 
group consisting of the reactant gas, a diluent gas, a gaseous 

20 
feed mixture, a reaction product gas, a feed mixture compris
ing a condensed phase dispersed in a gaseous medium, a 
product mixture comprising a condensed phase dispersed in a 
gaseous medium, and a liquid phase condensed from the gas 
phase. In this aspect, a multi-component composition may be 
provided in a process vessel. The multi-component compo
sition is a solution or a dispersion comprising one or more 
liquid components and at least one non-polymeric organic 
component dissolved or dispersed in the one or more liquid 
components. The at least one non-polymeric organic compo
nent is formed or reacted in the process vessel under reaction 
conditions. The progress ofthe reaction in the process vessel 
can be monitored and/or controlled by a method that includes 
(i) contacting a sensing surface of a mechanical resonator 
with the multi-component composition at a first time during 
the reaction, stimulating the composition-contacted resonator 
at the first time, and monitoring a response of the resonator 
associated with the first time, and thereafter (ii) contacting a 
sensing surface of the mechanical resonator with the multi
component composition at a second time during the reaction, 
stimulating the composition-contacted resonator at the sec
ond time, and monitoring a response of the resonator associ
ated with the second time. In a continuous reactor, one or 
more process fluids may be contacted with different sensors, 
at the same or different times, at different points along the 
flow path of the reaction system. 

The type of reaction in this second aspect of the invention 
is not narrowly critical. It can include, for example, reactions 
such as a crystallization reaction or a precipitation reaction. It 
can also include, for example, reactions involving the making 
and breaking of covalent bonds such as oxidations, reduc
tions, hydrogenations, carboxylations, etc. In some reactions, 
the non-polymeric organic component can be a first reactant 
and the reaction can be effected by a method that includes 
providing a second reactant. The second reactant can be a 
gaseous, liquid or solid component. The non-polymeric 
organic component can be allowed to react with the second 
reactant to form a reaction product. The mechanical resonator 
sensor can be used to monitor one or more of the first reactant, 
the second reactant, the reaction product or the reaction mix
ture composition. 

The inventions are generally directed, in another third 
aspect, to a method for monitoring and/or controlling a reac
tion mixture or components thereof. In this method, one or 
more liquid components are provided in a process vessel, and 
at least one non-polymeric organic component in provided in 
the process vessel. The at least one non-polymeric organic 
component is dissolved or dispersed in the one or more liquid 
components to form a solution or dispersion, respectively. 
Optionally, additional reactants can be provided to the pro
cess vessel to fornl a reaction mixture. One or more of the 
fluids provided to the process vessel or contained within the 
process vessel are monitored using a mechanical resonator 
sensor. The monitored fluids can be selected from the one or 
more liquid components, the at least one non-polymeric 
organic component, the solution or dispersion, the reaction 
mixture, and combinations thereof. The fluid is monitored by 
a method that includes contacting a sensing surface of a 
mechanical resonator with the fluid, stimulating the fluid
contacted resonator, and monitoring a response of the reso
nator. 

In some embodiments for this third aspect of the invention, 
the fluid is monitored to determine the purity of the fluid. For 
exanlple, the fluid can be a solvent, and the solvent can be 
monitored to deternline the purity thereof. As another 
example, the fluid can be a solvent, and the solvent can be 
monitored to deternline an amount of water in the solvent. 
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comprises a temperature sensing element having a sensing 
surface proximate to a sensing surface of the mechanical 
resonator. 

In particularly preferred applications, the methods of the 
invention (including the various methods and embodiments 
described in counection with the various aspects and/or 
approaches of the invention as delineated above and 
expounded further upon below) can be applied for process 
monitoring and/or for process control for specific unit opera-

In any embodiment within the first aspect of the invention 
(including both the first approach or the second approach 
thereof), or within the second aspect of the invention or within 
the third aspect of the inventions, each relating to various 
methods of the invention, the particular nature of the multi
component composition is not critical. Generally, the multi
component composition can comprise a multi -component 
solution or a multi-component dispersion, in each case com
prising one or more liquid phase media. For example, the 
multi-component composition can be a solution comprising 
at least one solute dissolved in one or more liquid solvents. 
The multi-component composition can alternatively or addi
tionally be a solution comprising two or more liquid solvents, 
such as two or more miscible liquid solvents (with or without 
dissolved solute). The multi-component composition can also 
be dispersion comprising a (first, internal) dispersed phase 
within a (second, external) continuous phase. The dispersed 
phase can comprise at least one component selected from a 
solid component, a semi -solid component and/or a liquid 
component as well as combinations thereof. The continuous 
phase comprises one or more liquid components. Hence the 
dispersion can be a solid-liquid dispersion, a semisolid-liquid 
dispersion, or a liquid-liquid dispersion. The dispersion can 

10 tions involving distillation. In particular, for example, the 
various methods and embodiments can be applied for process 
monitoring and/or for process control for unit operations such 
as liquid-component-switching operations (e.g., solvent 
switching operations) and/or such as concentration opera-

15 tions. 
In such operations, a second solvent may be introduced 

into a feed mixture comprising a feed solution comprising a 
first solvent and a solute. This produces a mixed solvent 
solution comprising the first solvent, the second solvent and 

20 the solute. A portion of the mixed solvent solution is vapor
ized under conditions of temperature and pressure at which 
the volatility of the second solvent is lower than the volatility 
of the first solvent, to provide a primary vapor fraction 
enriched in the first solvent relative to the mixed solution and 

be a suspension, such as a colloidal suspension or other col- 25 

loidal system. The dispersion can be a uniform dispersion 
comprising a substantially tmiformly dispersed first internal 
phase within the continuous second external phase. The dis
persion can alternatively be a non-unifonn dispersion com
prising a non-lmifonnly dispersed first internal phase within 30 

the continuous second external phase. The dispersion can be 
created in-situ within the fluid system, for example, as the 
result of a precipitation reaction, or as the result of a crystal
lization reaction, in each case within the multi-component 35 

composition. 

Also, in any embodiment within the first aspect of the 
invention (including within the first approach or second 
approach thereot), or within the second aspect of the inven
tion or within the third aspect of the inventions, each relating 40 

to various methods ofthe invention, the mechanical resonator 
is preferably a flexural resonator or a torsional resonator. 
Generally, the one or more flexural resonators or torsional 
resonators can comprise a flexural resonator sensing element 
or a torsional sensing element, respectively, in each case 45 

having a sensing surface for contacting the fluid being sensed. 
In operation during a sensing period, the sensing surface of a 
flexural resonator displaces or is displaced by at least a por
tion of the fluid being sensed. Preferred flexural resonators 
include tuning fork resonators, cantilever resonators, uni- 50 

morph resonators and bimorph resonators. Tuning fork reso
nators are particularly preferred. The flexural resonator sen
sor and/or torsional resonator sensor can be operated 
passively or actively, and if actively operated, is preferably 
excited using a stimulus signal. The particular nature of the 55 

stimulus signal is not critical, but in some embodiments, the 
stimulus signal can be a waveform having a frequency (e.g., a 
predetermined frequency) or having a range of frequencies 
(e.g., being swept over a determined or predetermined range 
of frequencies), and in each such case, having a frequency or 60 

a range of frequencies of less than about 1 MHz. In some 
embodiments, additional sensors (e.g., such as temperature 
and/or pressure sensors and/or flow sensors) can be employed 
in the systems and methods in combination with the one or 
more mechanical resonators (preferably, flexural resonators). 65 

For example, in one preferred embodiment, the mechanical 
resonator is configured in a sensor, and the sensor further 

a residual liquid phase enriched in the second solvent relative 
to the mixed solution. In monitoring the process, the sensing 
surface of a mechanical resonator is contacted with any of 
various process fluids including, e.g., the primary vapor frac
tion, a distillate fraction condensed from or in equilibrium 
with the primary vapor fraction (such as at the outlet of a 
condenser in fluid communication with the still pot), the 
residual liquid fraction, and a secondary vapor fraction 
flashed from or in equilibrium with the residual liquid frac
tion. The tenns "primary vapor fraction," distillate fraction 
and "residual liquid fraction," and secondary vapor (or "boi
lup" fraction encompass the various derivatives thereof as 
described hereinabove, e.g., intermediate cuts that might be 
taken from a rectification zone above the feed point to the 
batch still. 

Specifically, the methods of the invention (including those 
of the first, second and third aspects) can be applied for 
process monitoring and/or process control of a liquid-com
ponent-switching operations of various nature, including for 
example: liquid-component switching operations executed as 
continuous, semi-continuous or batch operations; liquid
component switching operations executed as constant vol-
ume liquid-component switching operations. For example, a 
liquid-component-switching operation can comprises pro
viding the multi-component composition in a vessel, where 
the multi component composition comprises a first liquid 
component having a first vapor pressure. The first liquid 
component can be separated from the multi-component com
position by a method that includes vaporizing the first liquid 
component of the composition to fonn a first (primary) vapor, 
condensing the first vapor to form a first condensate, and 
recovering at least a portion of the first condensate as a first 
distillate, and that also includes feeding a second liquid com
ponent to the vessel, where the second liquid component has 
a second vapor pressure lower than the first vapor pressure. 
The separating step and the feeding step can be continued 
until the multi -component composition comprises the second 
liquid component and at most a residual amount of the first 
liquid component. If desired, the second-liquid component 
can be fed continuously or intermittently to an evaporation 
zone within a vessel at a volumetric flow rate substantially the 
same as the volumetric flow rate at which the first distillate is 
recovered, whereby the volume of the multi-component com-
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position in the vessel is snbstantially constant during the 
liquid-component-switching operation. Preferably, the 
amount of residual first liquid component is not more than 
about 10% (by weight or by volume at the end point of the 
distillation), more preferably not more than about 5% (by 
weight or by volume), still more preferably not more than 
about 2% (by weight or by volume). Even more stringent 
separations applied to liquid-component switching opera
tions can be monitored and controlled by the methods of the 
invention, with the amount of residual first liquid component 
being not more than about 1 % (by weight or by volume), more 
preferably not more than about 0.5% (by weight or by vol
ume), still more preferably not more than about 0.2% (by 
weight or by volume), and in some embodiments preferably 
not more than about 0.1 % (by weight or by volume). 

In another specific example, the methods of the invention 
(including those of the first approach and the second 
approach) can be applied for process monitoring and/or pro
cess control of concentration operations of various nature. 
including for example: concentration operations executed as 
continuous. semi-continuous or batch operations. In such 
processes a feed mixture may typically comprise a liquid 
phase mixture comprising a liquid solvent and a solute dis
solved in the solvent. In applications involving evaporation, a 
portion of the solvent is vaporized from the feed mixture to 
produce a vapor phase comprising the solvent and a residual 
liquid phase having an increased concentration of the solute 
in the solvent. A sensing surface of a mechanical resonator is 
contacted with the vapor phase, a condensate condensed from 
the vapor phase, the residual liquid, or a fluid dispersion 
comprising the residual liquid phase. Such dispersion may 
typically comprise particulate precipitated solute dispersed in 
the residual liquid, e.g., in concentration of a cell liquor 
obtained from a chloralkali cell to 50 wt. % alkali metal 
hydroxide and to precipitate salt. 

Evaporation of solvent may be accompanied by crystalli
zation of a desired product from the solution to yield the 
crystallized product slurried in a mother liquor comprising 
the solvent. The mother liquor ordinarily contains residual 
solute at its saturation concentration, and often other solutes 
which remain in solution during the crystallization. 

Crystallization of a solute from a solution may also be 
accomplished by cooling of the solution, with or without 
evaporation of solvent. Irrespective of whether evaporation is 
involved, the method may comprise contacting the sensing 
surface of the mechanical resonator with the slurry of crys
talline precipitate in mother liquor and/or with a mother 
liquor filtrate or centrate obtained after separation of the 
mother liquor from the crystallized solute by filtration or 
centrifugation. In evaporation operations, the sensor may also 
be contacted with the vapor phase produced in the evapora
tion, or with a condensate condensed from the vapor phase to 
monitor the condition of the vapor and/or entrainment of 
liquid phase in the vapor phase. 

In one exemplary preferred embodiment involving a con
centration operation. the multi-component composition can 
be a solution comprising at least one solute dissolved in one or 
more liquid solvents. The concentration operation can com
prise providing the solution in a vessel, and separating at least 
one ofthe one or more liquid solvents from the solution by a 
method that includes vaporizing the at least one liquid solvent 

24 
one solid, semi -solid or liquid component, and the continuous 
phase comprising the one or more liquid components. In this 
instance, the concentration operation can comprise providing 
the dispersion in a vessel, and separating at least one of the 
one or more liquid components of the continuous phase from 
the dispersion by a method that includes vaporizing the at 
least one liquid component to form the vapor, condensing the 
vapor to fonn the condensate, and recovering at least a portion 
of the condensate as the distillate, thereby concentrating the 

10 dispersed phase of the dispersion in the continuous phase of 
the dispersion in the vessel. The separating step can be con
tinued until the concentration of the dispersed phase is within 
a specified proximity to a desired endpoint concentration. For 
example, the concentration can be within about 10% of the 

15 desired concentration endpoint, more preferably within about 
5%, still more preferably within about 2% of a desired con
centration endpoint. Concentration operations of the inven
tion can be even more rigorously monitored and/or controlled 
by the methods of the invention, including to be within about 

20 1 % of a desired endpoint, and more preferably within about 
0.5%, still more preferably within about 0.2%, and in some 
embodiments within about 0.1 % of a desired endpoint. 

The resonator provides different forms of response in a 
crystallization process, and can be used for various purposes 

25 in either monitoring a cOllll1lercial crystallization process, 
facilitating optimization studies of existing processes, or 
developing new, modified, or improved crystallization pro
cesses. For example, in one mode, the resonator can be used 
to detect the onset of crystallization. while in another mode, it 

30 may monitor the progress of crystallization. The resonator 
may also be used to monitor seed growth or seed bed estab
lishment after seeding a crystallization batch. 

With regard to the onset of crystallization, the resonator 
can sense if any solids are present, and thus detect the point at 

35 which precipitation is commenced. Generally, crystallization 
is initiated by seeding a supersaturated solution that has been 
prepared by concentrating a solution of the product to be 
crystallized, or by a chemical reaction in which the product to 
be crystallized is formed in progressively increasing concen-

40 tration within a solvent medium. Seeding comprises intro
duced seed particles, ordinarily crystals of the product to be 
crystallized into the crystallization medium, which typically 
comprises a supersatured solution of the product. Seeding can 
be effective to initiate crystallization and/or to promote or 

45 modulate the crystallization process, e.g., to reduce the num
ber of nucleation sites and enhance the particle size of the 
crystalline product. In some applications, seeding allows 
crystallization to be manipulated to control crystal morphol
ogy. More particularly, in the pharmaceutical industry crys-

50 tallization may be controlled to produce a particular desired 
polymorph ofa pharmaceutical product. In such operations, it 
is generally desirable to seed only to a dilute seed content. As 
a result, if conditions are not right (e.g., if supersaturation has 
not in fact been realized), the seed may dissolve rather than 

55 initiate precipitation. In such case, spontaneous precipitation 
may ultimately ensue when the concentration exceeds the 
metastable range, yielding a product of undesired morphol
ogy, and/or particle size, that be unuseable and even difficult 
to salvage. Without effective seeding, crystallization may not 

60 occur until the maximum metastable concentration has been 
exceeded, at which point massive nucleation and fonnation of 
an exceptionally fine precipitate may result, typically of the 
wrong polymorph. The product in this case may not only be 

to form the vapor, condensing the vapor to form the conden
sate, and recovering at least a portion of the condensate as the 
distillate, thereby concentrating the solute in the solution in 
the vessel. In another preferred embodiment involving a con- 65 

centration operation, the multi-component composition can 

unsalvageable, it may not even be filterable. 
However, a mechanical resonator can sense the relatively 

low concentration of solid particles resulting from seeding. 
be a dispersion, with the dispersed phase comprising at least The absence of such signal may verifY that the seed crystals 
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have not dissolved, at least not fully, or instead may indicate mation not only on the wt. % of the solution at the metastable 
that the seed has dissolved, thus alerting the operator to the limit, but also provides data on the particle size distribution of 
need to add additional seed material or to change process the crystalline product in the crystallization slurry. However, 
conditions such as temperature to establish a superstaurated the data provided by FBRM is inaccurate if the crystalline 
solution. Where additional seed material can be added before product is not spherical, which it typically is not and can have 
the maximum metastable concentration has been exceeded, a limit of detection for the presence of solids sub-par to that of 
controlled precipitation can still be realized, and a crystalline a flexural resonator. 
product of desired morphology and particle size may be pro- As noted above, all of the various methods and embodi-
duced. ments of the invention can be applied for process control of 

In addition to its value in detecting the onset of precipita- 10 unit operations involving distillation. Generally, in such 
tion, whether for seeding or other process control purposes, a applications, the methods of the invention can further com-
flexural resonator is useful in monitoring the progress of prise controlling one or more parameters of the unit operation 
crystallization. As supersaturation is released, substantially based at least in part on the monitored response of the sensor 
massive precipitation occurs, even where crystallization is (such as the response of the resonator for mechanical resona-
properly controlled, whether by seeding or otherwise. Thus, 15 tor sensors, or such as the response of the on-line sensor, said 
the initiation of crystallization appears as a discontinuity in response being generally characterized by a sensor output 
the resonator response, typically the dielectric constant (e.g., an output signal) of the on-line sensor. The particular 
response, as a function of time. As crystallization proceeds parameters being controlled are not critical, but can include 
subsequent to initial precipitation, the dielectric constant for example one or more of: (a) temperature of fluid in a 
typically undergoes progressive change along a continuous 20 process vessel containing the multi-component composition, 
curve as a fhnction of a change in mass resulting from buildup the condensate or the distillate; (b) pressure in a head space 
of crystalline product on the resonator. From this response, above fluid in a process vessel containing the multi-compo-
the pace and pattern of crystal growth can be followed. Crys- nent composition, the condensate or the distillate; (c) feed 
tal growth may be promoted by cooling and/or introduction of rate of the multi -component composition to a process vessel; 
an anti-solvent, and the effect of these manipulations can also 25 (d) feed rate of a liquid-component being fed to a process 
be monitored using a resonator. As discussed below in con- vessel containing the multi-component composition; (e) 
nection with monitoring of chemical reactions, a mechanical reflux rate of the condensate; (f) level of fluid in a process 
resonator generally provides a superior real time response vessel containing the multi-component composition, the con-
than more traditional analytical methods for following the dens ate, or the distillate; and (g) combinations thereof. 
course of crystallization, such as FTIR or near infrared or 30 The method of the invention may also be applied to extrac-
light scattering methods (i.e., FBRM from Lasontec, for tion operations. For example, mechanical sensors may be 
example). used in a liquid/liquid extraction process wherein the feed 

Thus, in operation of an industrial manufacturing process, mixture comprises a liquid mixture which is contacted with 
a mechanical resonator may be used either to determine the another liquid that is immiscible with the feed mixture but 
crystallization end point, or to provide data and/or a signal for 35 comprises a solvent for a component of the feed mixture, 
feedback control of the crystallization process, e.g., by call- thereby causing transfer of that component from the feed 
ing for introduction of additional seed crystals, for controlling mixture. As a result of the transfer, an extract is produced 
the rate of cooling, for controlling the temperature of a tem- comprising the extraction solvent and the transferred compo-
pered cooling fluid, for controlling the feed rate of a feed nent. Transfer of the solute component alters the composition 
solution to, and/or withdrawal of product slurry from, a con- 40 of the liquid feed mixture to produce a raffinate having a 
tinuous or semi -continuous crystallizer. reduced concentration of the transferred component. In moni-

The use of a mechanical resonator can also be valuable in toring the process, a sensing surface of a mechanical resona-
laboratory studies of crystallization. Because most crystalli- tor may be contacted with a fluid selected from among the 
zation processes proceed by release of supersaturation, it is extract, the raffinate, the feed mixture and combinations 
important to know the metastable range of supersaturation so 45 thereof. 
that the crystallization process may be appropriately con- The method of the invention is particularly applicable to an 
trolled, e.g., to initiate seeding before the concentration extraction process comprising a plurality ofliquid-liquid con-
exceeds the metastable limit. This limit is generally a function tacting stages. A feed mixture comprising a solute dissolved 
of temperature. Points on a maximum metastable concentra- in a first solvent, is introduced into the feed stage of an 
tion vs. temperature curve can be determined in the following 50 extraction system for conducting such a process. For 
mmmer: (i) formulating a solution of known concentration by example, such a feed mixture may be introduced into a coun-
heating a known quantity of solid product in the presence of tercurrent extraction system wherein a first liquid phase com-
a known but limited quantity of solvent; then (ii) cooling the prising the first solvent in a proportion exceeding that of the 
resulting solution gradually until spontaneous crystallization second (extraction) solvent is passed through the plurality of 
occurs, as detected by a discontinuity in the dielectric con- 55 stagesinseries,andasecondliquidphaseimmisciblewiththe 
stant response as a function of temperature during cooling. first liquid phase and comprising the second solvent in a 
The concentration of the solution as initially fornmlated can proportion exceeding the proportion of the first solvent 
then be identified as the maximum metastable supersaturated therein is passed through the plurality of stages countercur-
solution strength at the temperature of crystallization, while rently to the first phase. As the two liquid phases flow through 
analysis ofthe mother liquor provides the saturation concen- 60 the series of stages, the second phase becomes progressively 
tration. By repeating this process over a range offormulations enriched in the solute and the first phase becomes progres-
of varying initial concentration, the metastable range can be sively depleted in the solute. An extract comprising the sec-
plotted as a function of temperature. ond liquid phase is withdrawn from any of said series of 

In the latter application, the mechanical resonator offers an stages, and a raffinate comprising the first liquid phase may 
alternative to the so-called FBRM method for determining 65 also be withdrawn from any of the stages. In a simple coun-
metastable supersaturation limits. FBRM is a laser light scat- tercurrent extraction system, the extract is withdrawn from 
tering technique offered by Lasontec which provides infor- the feed stage for the feed mixture mld the raffinate is with-
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drawn from the last of the series of stages with respect to the 
direction of flow of the first liquid phase, i.e., the feed stage 
for the extraction solvent. However, if desired, intermediate 
extracts, or intermediate raffinates, may be withdrawn much 
in the manner described above with respect to distillation. 
Moreover, the method of the invention may also be imple
mented in a co-current flow extraction process, or in a cross
flow extraction process wherein, e.g., fresh solvent is intro
duced and an extract and/or raffinate withdrawn at a plurality 
of stages in an otherwise countercurrent or co-current extrac
tion system. 

In monitoring or controlling a multi-stage countercurrent, 
co-current or cross-flow liquid/liquid extraction system, a 
variety of intermediate streams may be sensed with a 
mechanical resonator, in addition to various relatively 
enriched or depleted fractions which may be withdrawn from 
the system. 

28 
surface of the mechanical resonator may be contacted with 
the extract. In some instances, the extract may be subject to 
further processing, e.g., by distillation, and a mechanical 
resonator contacted with a primary vapor, distillate con
densed from or in equilibrium with the primary vapor, 
residual liquid, or secondary vapor flashed from or in equi-
1ibrium with the residual liquid produced in the distillation. 

The method of the invention may also be applied to sorp
tion operations such as, for example, the absorption of a 

10 component of a gas into a liquid absorbent solution, the 
adsorption of a component of a gas or liquid onto an adsorbent 
such as activated carbon or a molecular sieve, or chromato
graphic separations conducted on either an analytical or pro
duction scale, thereby producing a fluid fraction depleted in 

15 the sorbed component. In adsorption processes such as chro
matographic separation, a sorbent loaded with a sorbed com
ponent may be contacted with an eluant for desorption of the 
component, yielding an eluate in which the sorbed compo
nent may be enriched or isolated. In absorption processes, the 

The method of the invention may further be applied in 
monitoring and control of a process wherein the feed mixture 
comprises a solid phase component and another condensed 
phase component, either solid or liquid, which is subject to 
removal in a fluid phase from the solid phase component. In 
such method, a vapor comprising the another component is 
transferred from the feed mixture to form a gaseous phase 
comprising the vapor, and the mechanical sensor may be 
contacted with the gaseous phase comprising the vapor or a 
condensate condensed from the gaseous phase. For example, 
the method may be applied to a drying process wherein a wet 
solid is heated and/or exposed to a vacuum in a drying zone, 
with or without contacting the wet solid with a flow of a 
carrier gas (stripping gas) to promote mass transfer of water 
vapor or the vapor of another volatilizable liquid from the 
feed mixture to the gaseous phase in the drying zone. Ordi
nari�y a non-condensable gas such as air, nitrogen, carbon 
dioxide or mixtures thereofis used as the stripping gas, so that 
the gaseous effluent and/or the gas phase within the drying 
zone comprises such non-condensable component. Even 
where no stripping gas is purposefully introduced, the vapor 
stream typically may contain residual non-condensable gases 
initially present in the dryer apparatus or feed material, or 
admitted via leakage in pipe gaskets, shaft seals, etc. The 
sensing surface of the mechanical resonator may be contacted 
with the gas phase in the drying zone, the gaseous effluent, a 
condensate condensed from the gaseous phase in the drying 
zone, or the gaseous effluent. Whether or not the process is 45 

characterized as drying, the method can be applied to a pro
cess in which a sublimable solid is stripped from a mixture 
comprising another relatively non-volatile solid component 
under the influence of heat, vacuum, and/or flow of a stripping 
gas. In such a process, a vapor generated from the another 50 

condensed phase component is transferred from the mixture 

20 process produces an absorption solution enriched in the 
sorbed component. In some operations, the enriched sorption 
solution may be subject to distillation for further enrichment, 
isolation or refining of the sorbed component; in other opera
tions, the sorbed component by be separated, isolated and/or 

25 refined by other unit operations such as liquid/liquid liquid 
extraction, thus yielding an extract containing that compo
nent. The extract in tum may be subject to further nnit opera
tions such as distillation, evaporation, etc. 

In monitoring the sorption process, a flexural mechanical 
30 resonator is contacted with a fluid representative of the extent 

or effectiveness of the sorption such as a depleted fluid frac
tion, a fluid sorbent, an absorption solution enriched in the 
sorbed component, an eluant for removing sorbent from a 
solid sorbent, an eluate comprising said component desorbed 

35 from said sorbent and combinations thereof. A representative 
fluid may also include an extract of the enriched sorption 
solution, a distillate or bottoms stream obtained by distillation 
of the enriched sorption solution or extract thereof, or a con
centrate or slurry produced by evaporation and/or crystalli-

40 zation of an enriched sorption solution or eluate. 
In one particular application, a hygroscopic organic sol

vent such as, e.g., tetrahydrofuran, is contacted with a 
molecular sieve from removal of residual moisture therefrom. 
Effectiveness of the separation and control of the adsorption 
process may be monitored by contacting a flexuralmechani
cal resonator with feed mixture comprising the wet solvent 
and/or with an effluent stream comprising the dessicated sol
vent. The response of the resonator, e.g., the dielectric con
stant response, is sensitive to the water content of the liquid 
fraction, thus indicating the extent to which moisture has been 
removed from the solvent. 

to form a gaseous phase comprising the vapor, and the sensing 
surface of the mechanical resonator is contacted with such 
gaseous phase or a condensate condensed from the gaseous 
phase. 

The method is also applicable to an extraction process 
wherein the feed mixture comprises a solid component and 
another condensed phase component, either solid or liquid, 
that is subject to being transferred to a liquid extraction sol
vent with which the feed mixture is contacted. For example, 
the method can be used in monitoring and/or controlling a 
process wherein oils are extracted from oil seeds such as 
linseed oil from cotton seeds or soy oil from soybeans using 
hydrocarbon or other organic liquid extractants. In such 
instance, the solid phase mixture is contacted with the liquid 
solvent, and the another condensed phase component is trans
ferred to the liquid phase to produce an extract. The sensing 

However, the process is more generally applicable to a 
process comprising monitoring the water content of a hygro
scopic liquid. For example, a flexural resonator may be con-

55 tacted with such a liquid to monitor moisture content in stor
age, shipping, or pipeline transfer. It may also be used to 
monitor the moisture content of feed mixtures, reagents, 
product liquids, by-product liquids, and various other process 
liquids and condensates introduced into, produced by or oth-

60 erwise used in connection with chemical reaction, distilla
tion, evaporation, drying, extraction, etc. For example, the 
resonator may be used to monitor moisture content in a reac
tion medium where water is a product of reaction, or to 
monitor utility leaks, e.g., leakage of steam or cooling water 

65 into a reaction or crystallization mass from an internal coil 
immersed therein, or between tube(s) and shell of a heat 
exchanger through which the reaction or crystallization mass 
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is circulated. Moisture content of process streams can also be 
monitored in other unit operations, e.g., in the condensate 
from the overhead condenser of a distillation column, in the 
reheated bottom stream exiting a distillation reboiler, etc. 

Generally, control of the controlled parameters can be 
effected using a feedback control system. Other control 
schema are also suitable. The control system can generally 
include, in addition to the sensor (e.g., mechanical resonator 
sensor or other sensor as described herein), a processor such 
as a microprocessor for processing the monitored response of 10 

the sensor to detennine whether a control action is necessary, 
and one or more process control elements (e.g .. valves, volt
age regulators, etc.) for effecting any necessary control 
action. together with appropriate communication paths 
between the sensor. the processor and the one or more process 15 

control elements. 

30 
nication paths is described below, each of which variously 
described features can be used in combination with the first 
approach for a system of the invention. 

In further description of this first approach of tltis aspect of 
the invention, the system can comprise two or more mechmti
cal resonator sensors. For exanIple, the system can comprise 
a first sensor comprising a first mechanical resonator. the first 
sensor being configured in association with the fluid system 
such that a sensing surface of the first mechanical resonator 
can contact a first fluid within the fluid system, as generally 
described above. The system can further comprise a second 
sensor comprising a second mechanical resonator, the second 
sensor being configured in association with the fluid system 
such that a sensing surface of the second mechanical resona
tor can contact a second fluid witltin the fluid system (the 
second fluid being the same or different from the first fluid, 
including the multi-component composition, the vapor, the 
condensate or the distillate). The second sensor further com-
prises an electrical circuit in signaling communication with 
the second mechanical resonator, the electrical circuit com
prising sigual processing circuitry or data retrieval circuitry 
or combinations thereof. 

In further description ofthis first approach of tltis aspect of 

A number of more specific embodiments can be realized 
within the context of this approaches and embodiments 
described herein. some of which are described above within 
the Sunnnary of the Invention, and others of which are 20 

described within and/or are readily ascertainable from the 
context of the Detailed Description of the instant specifica
tion (including combining the various features described 
therein in any and all possible combinations and pennuta
tions). 

25 the invention, the system can comprise three or more 
mechanical resonator sensors, or in some embodiments, four 
or more mechanical resonators. Reference in this regard is 
made to the parallel discussion with respect to the methods of 
the invention (above and further detailed below), which is 

General Overview-Sensors A.nd Systems 
In another general fourth aspect, the invention is directed to 

sensors and to systems comprising a sensor. 
30 equally understood to be applicable in counection with the 

systems of the invention. 
Generally, the system comprises a fluid process configured 

for distillation, extraction, evaporation, drying, chemical 
reaction, or other unit operation, and one or more sensors 
configured in association with the fluid system such that the 
sensor can monitor a fluid within the fluid system. More 
particularly, the system may comprise an industrialmanufac- 35 

turing process for the prediction of chemicals or phannaceu
ticals, petroleum refining, hydrometallurgy, or extraction and 
refining of natural organic materials such as sugars, starches, 
proteins, alkaloids, gums, resins, etc. 

In various preferred applications, the method ofthe inven- 40 

tion is implemented in a fluid process comprising distillation. 
In those applications, the fluid system can comprise (i) a 
process container for providing a multi-component composi
tion comprising one or more liquid components, (ii) a heat 
source associated with the process container and adapted for 45 

vaporizing at least a portion of at least one liquid component 
of the composition to fonn a vapor. (iii) a condenser in fluid 
communication with the process container for receiving the 
vapor, (iv) a heat sink associated with the condenser for 
condensing the vapor to foml a condensate, and (v) a distillate 50 

receiver for recovering at least a portion of the condensate as 
a distillate. 

In another, second approach to this aspect of the invention, 
the system can comprise an on-line sensor (other than a tem
perature sensor, a pressure sensor and a flow sensor), the 
on-line sensor being configured in association with the fluid 
system such that the sensor can monitor a fluid within the fluid 
system. The monitored fluid can be the vapor, the condensate 
or the distillate. Preferably, the on-line sensor is adapted for 
determining one or more f1uid-composition-dependent prop
erties of the vapor, the condensate or the distillate. For 
example, the on-line sensor can be a viscosity sensor, a den-
sity sensor, an electrical property sensor, an optical property 
sensor or combinations thereof. Preferably, the on-line sensor 
can be selected from the group consisting ofa viscosity sen
sor, a density sensor, a dielectric sensor and combinations 
thereof. In some embodiments, the on-line sensor can be an 
electrical property sensor selected from the group consisting 
of a dielectric sensor, a conductivity sensor and combinations 
thereof. In other embodiments, the on-line sensor can be an 
optical property sensor. An optical property sensor can com
prise a radiation source configurable for irradiating a portion 
of the fluid (i.e., the vapor, the condensate or the distillate) 
with electromagnetic radiation, and one or more components 
for observing a response of the interaction between the fluid 

In a first approach with respect to this aspect of the inven
tion, system can comprise a mechanical resonator sensor 
comprising a mechanical resonator. The mechanical resona
tor sensor can be configured in association with the fluidic 
system such that a sensing surface ofthe mechanical resona-

55 and the electromagnetic radiation. Responses can include, for 
example, those selected from the group consisting of absor
bance, reflectance, scattering, refraction and combinations 
thereof. In particularly preferred embodiments, an optical 
on-line sensor can be a refractive index sensor. The on-line 

tor can contact a fluid within the fluid system (e.g., the fluid 
being any ofthe multi-component composition, the vapor, the 
condensate or the distillate). The mechanical resonator sensor 
can further comprise one or more electrical circuits in sigual
ing c0111lllunication with the mechanical resonator. The one or 
more electrical circuits may comprise signal processing cir
cuitry or data retrieval circuitry or combinations thereof. Fur
ther details about the components of the mechanical resonator 65 

sensor, including specifics relating to the mechanical resona
tor and/or the electrical circuit and/or the signaling conll1lU-

60 sensor can also be a mechanical resonator sensor. 
In both the first and second approaches to this aspect of the 

invention, including any embodiment included therewith, the 
system can be adapted for process control operations. In 
particular, the system can further comprise, in addition to the 
sensor, a processor for processing a monitored response of the 
sensor to detennine whether a control action is necessary, one 
or more process control elements for effecting any necessary 
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control action, and appropriate connnunication paths 
between the sensor, the processor and the one or more process 
control elements. 

32 
can be associated with the process container(s) and can be 
adapted for vaporizing at least a portion of at least one liquid 
component of the composition 200 within a vaporization zone 
defined by vessel 102 to fonn a vapor 202. A vapor discharge 
line 124 can provide fluid c0111111unication between the pro
cess container (e.g., process vessel 102 or process pipeline 
104) and a condenser 130 adapted for receiving the vapor 202. 
A heat sink (indicated generally as 140) can be associated 
with the condenser 130 for condensing the vapor 202 to fonn 

In any embodiment of the first and/or second approaches 
that include a mechanical resonator sensor, the sensor can 
comprise one or more mechanical resonators, preferably 
including at least one flexural resonator and/or one torsional 
resonator. The electrical circuit(s) of the invention can further 
comprise circuitry selected from signal processing circuitry, 
data retrieval circuitry and combinations thereof. The electri
cal circuit can comprise one or more circuitry modules, as 
integrated or discrete circuits. The sensor further comprises a 
communication link for electrical communication between 
each resonator(s) and the electrical circuit. Preferably, the 
electrical circuit comprises signal activation circuitry for gen
erating electronic stimulus for stimulating the two or more 
resonators. The electrical circuit can further comprise at least 
one of signal conditioning circuitry, data derivation circuitry 

10 a condensate 204. A condensate discharge line 132 can pro
vide fluid connnunication between the condenser 130 and a 
distillate receiver 150 for recovering at least a portion of the 
condensate 204 as a distillate 208. The distillate receiver 150 
can be a process vessel (e.g., as depicted in FIGS. lA, lB, 1C 

15 and IE and/or a process pipeline (as depicted inFIGS.lB, 1C 
and IE). A distillate discharge line 152 can be used to remove 
distillate from the distillate receiver 150. For distillation 
under reduced pressure, the a vent line (not shown) from 
condenser 130 or a vent line 151 from condensate receiver or data retrieval circuitry, for processing or retrieving a signal 

representing data originating from the two or more resona- 20 

tors. The connnunication link provides for electrical connnu
nication between the one or more resonators and the electrical 
circuit (including integrated circuitry or common associated 
discrete circuitry modules). 

150 may be connected in gas flow connnunication with a 
vacuum source 153 such as a vacuum pump or jet ejector (not 
shown). Where the vacuum source is connected to the con
denser vent line, condensate discharge line 132 may comprise 
a barometric leg discharging below the condensate liquid 

25 level in condensate receiver 150. In general, the sensors used in the system of the invention 
(including with respect to each of the aforementioned 
approaches and embodiments), can be effective for sensing a 
fluid, monitoring a fluid, controlling a fluid, (e.g., as part of a 
process-control schema) and/or evaluating a fluid (e.g., deter
mining one or more properties of a fluid in a fluidic system). 30 

Each of the mechanical resonators of the sensor can comprise 
sensing element (e.g., a flexural resonator) having a sensing 
surface adapted for or configured for contacting the fluid (or 
otherwise interacting with the fluid as appropriate for the 
particular sensor), and being responsive to changes in one or 35 

more properties of a fluid. 
Generally, the embodiments discussed herein in counec

tion with this (system) aspect ofthe invention, can be realized 
with many variations and/or more specifically-characterized 
embodiments based on specific details and features described 40 

within and/or readily ascertainable from the context of the 
Detailed Description of the instant specification (including 
combining the various features described therein in any and 

With further reference to FIGS.1A through IE, the system 
generally further comprises one or more sensors (indicated 
generally as 10) configured in association with the fluid sys
tem such that the sensor can monitor a fluid within the fluid 
system. As shown in the various figures, particular sensors 10 
are shown with a letter designation (e.g., lOA, lOB, 10C or 
10D) referencing the fluid type being monitored thereby. 
Specifically, as depicted, sensors lOA are configured (includ
ing positioned appropriately) for monitoring a feed mixture 
comprising a multi-component composition 200 or the still 
bottom (residual liquid) fraction during the course of the 
distillation and/or at the end point thereof. Sensors lOB are 
configured (including positioned appropriately) for monitor
ing a primary vapor 202. Sensors 10C are configured (includ
ing positioned appropriately) for monitoring a condensate 
204, including a refluxed condensate 206 (FIG. 1C). Sensors 
10D are configured (including positioned appropriately) for 
monitoring a distillate 208. 

FIG. 1A shows a distillation system 100 suitably adapted all possible combinations and pennutations). 

Preferred Embodiments-Methods And Systems, And Sen
sors Used Therein 

The methods and systems of the invention can be more 
particularly described in counection with the several figures, 
as follows. 

45 for single-stage batch distillations. In the system of FIG. 1A, 
multi-component composition and still bottoms sensors lOA 
can be located, for example, in bottoms discharge line 112 or 
in process vessel 102. Vapor sensors lOB can be located to 
monitor vapor 202 within process vessel 102 (e.g., in the 

50 vapor-containing headspace above the multi-component 
composition or residual liquid phase 200), or in-line within 
vapor discharge line 124, or within condenser 130. Conden
sate sensors 10C are preferably positioned for monitoring a 

With reference generally to FIGS. 1A through IE, a fluid 
process system 100 can be configured for distillation and can 
comprise one or more process containers such as a process 
vessel 102 or a process pipeline 104 for providing a multi
component composition 200 comprising the one or more 55 

liquid components. A feed line 106 can be used to supply the 
multi-component composition 200 to the process container 
(e.g., process vessel 102 orprocess pipeline 104). The process 
vessel 102 can also include one or more agitators 108, option
ally in combination with one or more baffles (not shown) for 60 

effecting suitable mixing of components of the multi -compo
nent composition. The process vessel can also include a bot
toms discharge line 112 for continuously, intermittently or 
batch-wise discharge of fluid irom the process vessel 102 
(e.g., after completion of a unit operation such as a solvent 65 

switching operation). A heat source (indicated generally as 
120), such as a thennaljacket 122 or heating coils (not shown) 

condensate 204 within the condenser 130, or within the con
densate discharge line 132. Distillate sensors 10D are posi
tioned appropriately for monitoring a distillate 208 within the 
condensate discharge line 132 (in this FIG. lA, the conden
sate and the distillate refer to the same fluid, as noted above), 
or within the distillate receiver 150, or within the distillate 
discharge line 152. 

FIG. lB shows a distillation system 100 as generally 
described above, but configured for multi -stage batch, semi
continuous or continuous distillations. As shown in FIG. lB, 
the system further comprises a colu111ll 160 comprising a 
rectification zone which contains a plurality of vapor liquid 
equilibriunl stages (e.g., comprising multiple sieve plates, not 
shown in FIG.lB) positioned generally adjacent to and above 



US 7,603,889 B2 
33 

the process vessel 102, and providing for gas-liquid contact 
between the multi-component composition or partially 
stripped liquid phase 200 (the flow of which is represented by 
the down arrow within the colunm 160) and the vapor 202 
derived therefrom (the flow of which is represented by the up 
arrow within the colU11lll160). Downward liquid flow within 
the colU11lll160 is effected in part at least by reflux condensate 
206 diverted from the condensate discharge line 132 through 
reflux line 134 into column 160. 

In the system of FIG. lB, multi-component composition 
sensors lOA can be located, for example, as described above 
in cOlmection with FIG. lA, as well as in the rectification zone 
defined by colunm 160. Vapor sensors lOB can likewise be 
located as described above in connection with FIG. 1A, as 
well as in colunm 160. Condensate sensors 10C can be posi
tioned for monitoring a condensate 204 as described above in 
connection with [''1G. lA, and also for monitoring a conden
sate reflux 206 within reflux line 134. Distillate sensors 10D 
can be positioned for monitoring distillate 208 as described 
above in cOlmection with FIG. 1A. 

FIG. 1C shows a distillation system 100 as generally 
described above in connection with FIGS. 1A and lB, but 
configured to be especially suitable for multi stage continu
ous distillations. As shown in FIG. lB, the system further 
comprises a process vessel 102 operating as a reboiler 102', 

34 
vapor 202 contacts a liquid phase 200 held above the sieve 
tray 172. The vapor velocity and pressure is sutlicient to 
minimize liquid phase 200 flow downward through apertures 
174. The level ofliquid phase 200 above the sieve tray 172 is 
maintained at a desired level by overflow weir 176. As liquid 
phase 200 collects on the sieve tray 172, excess liquid phase 
200 flows over weir 176 and downward through downcomer 
178 to the next stage sieve plate (not shown) located therebe
low. Excess liquid phase 200 irom the sieve plate (not shown) 

10 inunediately above the one depicted in FIG. 1D flows down 
through the downcomer 178 coming from that inunediately
upper stage. 

As shown in FIG. 1D, multi-component composition sen
sors lOA and vapor sensor lOB can be proximately associated 

15 with one or more stages of the colunm 160, for example, with 
one or more sieve plates 170 thereof. 

Optionally, a liquid port 201a or vapor port 201h may be 
provide for withdrawal of a vapor or liquid fraction from tray 
172. Withdrawal of vapor or liquid from the tray provides an 

20 intermediate cut that may constitute a desired produce, e.g., in 
petroleum refining or in chemical manufacturing processes 
which are used to separate a desired product as an interme
diate cut in a single colunm from both light ends withdrawn 
from the top of the colU11lll and heavy ends withdrawn from 

25 the bottom. Where the intermediate cut is withdrawn from the 
rectification zone of the COIUlilll, it may be deemed a "primary 
vapor fraction" where it is withdrawn as a vapor via a port 
201h, or a distillate fraction where it is withdrawn as liquid 
phase via a port shown schematically at 201a. The precise 
arrangement for the liquid port is not shown, but any conven
tional arrangement can be used. Similar provisions may be 
made for removal of an intennediate cut condensate obtained 
by condensing a vapor withdrawn from port 201h. The com
position and properties ofthis cut may be monitored by con
tact of a mechanical resonator with liquid phase that is with
drawn, by a vapor phase that is flashed from or in equilibrium 
with the liquid cut (e.g., placed within the vapor phase above 
the tray in the body of the colunm), by (the same) vapor phase 
as withdrawn via port 201h, or by a condensate condensed 
from or in equilibrium with that vapor phase. In the latter 
instance, the mechanical resonator can be placed below the 
liquid level on the tray, but since a two phase regime may tend 
to predominate in such region, it may be preferable to sense a 
condensate from a condenser for the withdrawn liquid phase 
outside the colunm. 

In the context of the above description, the term "multi
component" may be deemed equivalent to "plural compo
nent," but it also expressly encompasses systems comprising 
more than two components. For example, in distillation 

the reboiler 102' being in fluid connmmication with the bot
tom of fractionating colunm 160 (for liquid flow from the 
COlUlllll160 to the reboiler 102' and also being in fluid com
munication with a higher portion of the column 160 (for vapor 
flow from thereboiler 102' back to the colum11160).As noted, 30 

the system of FIG. lB further comprises a fractionating col
umn160 comprising multiple sieve plates 170 that also oper
ates as a process vessel 102, and provides for substantial 
gas-liquid contact between the multi-component composi
tion200 (the flow of which is represented by the down arrow 35 

within the colunm 160) and the vapor 202 derived therefrom 
(the flow of which is represented by the up arrow within the 
colunm 160). In the depicted embodiment the feed line 106 
enters the colunnl160 substantially proximate to the center 
thereof (considered vertically). The portion of the colunm 40 

160 upward from the feedline 106 is the rectifYing section 162 
comprising a plurality of rectifYing stages; the portion of the 
colmnn 160 downward from the feedline 106 is the stripping 
section 164 comprising a plurality of stripping stages. Down
ward liquid flow within the rectifYing section 162 of the 45 

column 160 is effected in part at least by reflux condensate 
206 diverted from the condensate discharge line 132 through 
reflux line 134 into colnnm 160. Upward vapor flow within 
the stripping section 164 is effected in part by vapor 202 being 
fed to the colunm 160 from the reboiler 102. 50 operations such as a solvent switching operation, the system 

may comprise a binary solvent system wherein a relatively 
volatile solvent such as ethyl acetate or diethyl ether is dis
placed by a less volatile solvent such as n-heptane, or ternary 
solvent system in which the feed mixture comprises two 

In the system of FIG. 1C, multi-component composition 
sensors lOA can be located, for example, as described above 
in connection with FIGS.1A and lB, as well as in the reboiler 
102'. Vapor sensors lOB can likewise be located as described 
above in connection with FIG. 1A and 1B, as well as in 
reboiler 102'. Condensate sensors 10C can be positioned for 
monitoring a condensate 204 as described above in comlec
tion with FIGS. 1A and lB, and also for monitoring a con
densate reflux 206 within reflux line 134 as describe in con
nection with FIG. lB. Distillate sensors 10D can be 
positioned for monitoring distillate 208 as described above in 
connection with FIGS.1A and lB. 

FIG.1D shows a schematic side sectional view of a portion 
of column 160 that includes a sieve plate 170. As shown, the 
sieve plate 170 comprises a sieve tray 172, which itself can 
comprise a plurality of apertures 174 allowing vapor 202 to 
pass upward through the sieve tray 172. The upward traveling 

55 relatively volatile solvents, both of which are substantially 
displaced by a solvent less volatile than either of them, such as 
where the feed mixture comprises both ethyl acetate and 
tetrahydrofuran which are displaced with n-heptane. In a 
fi.lrther example of a multi -component system, cmde petro-

60 leum comprising dozens or more individual species is dis
tilled to yield multiple cuts of differing composition volatility 
and composition. 

FIG. IE shows a distillation system 100 as generally 
described above in connection with FIG. lA, but configured 

65 to be especially suitable for flash distillation. In tIns embodi
ment' a multi -component composition 200 is fed from a feed 
line 106 and heated in the process pipeline 104. The multi-



US 7,603,889 B2 
35 36 

ence between calibration temperature and actual temperature 
according to an algorithm reflective of the temperature depen
dence of the property. 

With or without temperature compensation, the signal is 
transmitted to a readout or recorder for display, and/or a 
controller for maintaining a control variable at a target value. 
In batch processes, e.g., batch reaction or batch distillation, 
the signal may be monitored for indication of the end point of 
the process. In either a batch or continuous distillation pro-

component composition 200 partially vaporizes within the 
process pipeline 104, such that a two-phase fluid (200/202) 
exits the process pipeline into a process vessel 102. The 
process vessel 102 can be maintained under vacuum to further 
enhance separation. The liquid phase of the two-phase fluid 
(200/202) is recovered as a flash bottom product. The vapor 
phase of the two-phase liquid (200/202) is condensed and 
recovered as a distillate as generally described heretofore in 
cOlllection with FIGS.1A through Ie. 

10 cess, such variables as feed rate, reflux ratio, head pressure 
and boilup rate may be controlled in response to the signal 
received from the mechanical resonator. 

As shown in FIG.lE, mUlti-component sensors lOA can be 
located within the process pipeline 104 and/or within the 
process vessel 102 as generally described above in connec
tion with FIGS.1A through Ie. Also, vapor sensors lOB can 
likewise be located within the process pipeline 104 and/or 15 

within the process vessell 02 as generally described above in 
connection with FIGS.1A through Ie. Other sensors, includ
ing condensate sensors 10e and distillate sensors 10D can be 
positioned appropriately as generally described above in con
nection with FIGS.1A through Ie. 

In a further alternative embodiment, a feed mixture may 
comprise a vapor stream or mixed liquid and vapor stream 
that is introduced into a partial condenser where a portion of 
the vapor phase is condensed to produce a primary conden
sate and a residual vapor fraction. Thus, the primary conden
sate is relatively enriched in the relatively less volatile com
ponents of the feed mixture and the residual vapor fraction is 
enriched in the relatively more volatile components of the 
feed mixture at the temperature and pressure prevailing in the 
partial condenser. In monitoring and/or controlling the partial 
condensation process, the sensing surface of a mechanical 
resonator may be contacted with the primary condensate, the 
residual vapor fraction, another condensate condensed from 
or in equilibrium with the residual vapor fraction, and/or 
another vapor fraction flashed from or in equilibrium with the 
primary condensate. In a variation of partial condensation, the 
liquid phase from the partial condensation may be introduced 
into a fractional distillation cohmll, e.g., at the head of a 
stripping zone comprised thereby. In this case, the primary 
condensate may comprise the liquid phase in the bottom stage 
of the stripping zone or a stage intennediate the feed stage and 
the bottom stage. 

FIG.2 shows a schematic. cross-sectional view of a portion 
of a condensate discharge line 132 that includes a sample 
collector 180. Alternatively, the condensate discharge line 
may lead trom a partial condenser as described hereinabove. 
The sample collector 180 can be suitably used. as necessary to 
collect a liquid-phase sample (e.g., for contact with a sensing 
surface of a mechanical resonator) and to monitor that liquid-

20 phase sample (e.g., condensate 204) collected therein from a 
fluid stream that has a mixture ofliquid-phase and a gaseous 
phase fluids. For example, such sample collectors may be 
advantageously employed in connection with sensors 10e 
positioned, for example, in the condensate discharge line 132. 

25 As shown, in one embodiment the sample collector 180 can 
comprises a sample well 182 formed between substantially 
opposing surfaces. The sample well 182 can have a sample 
weir 184 associated therewith for allowing collected conden
sate 204 to continuously overflow from the sample well 182 

30 back into the condensate discharge line 132. 
In any case, the fluid system 100 may be a fluid process 

system of any scale, including without limitation, research
scale systems (e.g., high-throughput experimentation 
research systems, bench-scale research systems), pilot-plant 

35 scale systems and/or industrial scale (commercial) systems. 
Particularly preferred systems and applications of conuuer
cial significance are described below. 

Each of the aforementioned generally described distilla
tion systems can be applied independently or in combination 

40 with each other, in each of the possible various pennutations. 
Also, each of the aforementioned generally preferred 
approaches can be applied in further combination with more 
particular aspects, including particular protocols and/or par-
ticular systems or sensor features, as described herein. 

The method of the invention is also useful in monitoring 
and controlling chemical reactions for the preparation of in or
ganic products, organic non-polymeric products or polymeric 
products, in either laboratory investigations or in industrial 
manufacturing operation. FIG. 12 illustrates a conventional 

In its most general scope, partial condensation may also 
comprise introducing a vapor phase feed mixture, or a mixed 45 

phase feed mixture to the feed stage of a distillation column 
below a rectification zone, as more generally described here
inabove, in which case partial condensation is effected by 
contact of the feed mixture with the liquid phase descending 
from the equilibrium stage inmlediately above the feed stage. 
Where a rectification zone is provided, the "residual vapor 
fraction" in reference to partial condensation has the same 
meaning as "primary vapor traction" in reference to distilla
tion. 

50 batch stirred tank reactor 301 provided with ajacket 303 into 
which a heat transfer fluid may be introduced to supply or 
withdraw heat for control of the reaction. Alternatively or in 
addition to the jacket, the reactor can be provided with interior 
coils (not shown) for supply or removal of heat. In this sys-

In monitoring distillation, partial condensation, and any or 55 tem, the reaction may be conducted in a liquid phase reaction 
medium 305 contained within reactor 301. Reactants. sol
vents, catalysts and other materials may be supplied through 
a charging line 307. An agitator 309 is provided for mixing 
materials within the reactor, pumping the reaction mass 

all of the other processes described herein. a signal from the 
mechanical resonator is indicative of a property of the sensed 
fluid such as viscosity, density, kinematic viscosity and 
dielectric constant. In some instances a signal or signals from 
the resonator may be processed to monitor a plurality of such 
properties. These properties typically vary with temperature, 
while the correlation between propert(ies) and composition is 
ordinarily calibrated for a specific temperature. In preferred 
embodiments of the invention, a sensor is provided for the 
temperature of the fluid in contact with the mechanical reso- 65 

nator, and the measured property or the signal reflecting the 
measured property is adjusted to compensate for the differ-

60 within the reactor and creating turbulence in aid of mass 
transfer within the reaction mass. or between the reaction 
mass and the gas phase in the head space, and heat transfer 
between the reaction mass and a heating or cooling fluid 
contained in or passing through jacket 303. As illustrated, the 
reaction system further comprises a vent line 309 for volatile 
components of the reaction mixture, and/or non-condens
abIes from the head space, a reflux condenser 311 and a 
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condensate return line 313 for return of condensate, e.g., a is included in the vapor stream flowing from the reactor to the 
reaction solvent, to the reactor. It will be understood that none condenser, significant changes in density may occur as the 
of the elements of the reaction system of FIG. 12 is essential reaction progresses. Similarly, changes in the various other 
in all cases, except for a reaction zone as provided in this fluids involved or produced in the reaction provide useful 
instance by the reactor vessel 301. However, where present, alternatives for monitoring or control. 
the reactor feed line, the vapor vent line, the condenser and the Although FI G. 12 illustrates a batch stirred tank reactor, the 
condensate return line all provide locations wherein the state method of the invention encompasses monitoring and con-
of the reaction system and progress of the reaction can be trolling continuous reaction systems as well as batch. For 
monitored and used for control. As those skilled in the art will example, in a continuous stirred tank reactor similar in con-
appreciate, the system illustrated in FIG. 12 is relatively 10 figuration to the batch reactor of FIG. 12, a mechanical reso-
simple, and reaction system elements may typically be nator may be used to monitor the condition of the product 
present in addition to those shown. By way of a common stream exiting the reactor, or as a sensor for a level controller 
example, a gas feed line may be provided for purposes of which controls the rate of addition of reactants to the reactor 
introduction of a gaseous reactant, e.g., chlorine, air, molecu- or withdrawal of reaction product mass therefrom. Similar 
lar oxygen, ammonia, Hel, hydrogen sulfide, carbon monox- 15 use of mechanical resonators may be used in a plug flow 
ide, formaldehyde or phosgene during the course of the reac- reactor, or in a series of cascaded continuous stirred tank 
tion. Another example is the provision of an external heat reactors. wherein they may be placed, e.g .. at a plurality of 
exchanger in a circulating line through which the reaction locations along the reaction flow path to monitor the reaction 
mass is circulated by a circulation pump located below an profile. In gas phase catalytic oxidation reactions, wherein a 
outlet at the bottom of the reactor. 20 hydrocarbon and air or oxygen are introduced into a tubular 

A tuning fork or other mechanical resonator 315 is posi- reactor having a particulate oxidation catalyst within the 
tioned within reactor 301 so that it may be maintained in tubes. the resonator may be used to monitor density, viscosity 
contact with fluid present in the reactor. As shown, during the and/or dielectric constant of one or more of a reactant gas, a 
course of reaction, the resonator 313 is typically in contact diluent gas, a gaseous feed mixture, a reaction product gas, a 
with the liquid reaction medium. The reaction mass compris- 25 feed mixture comprising a condensed phase dispersed in a 
ing the reaction medium may consist of a single liquid phase, gaseous medium, a product mixture comprising a condensed 
plural liquid phases, e.g., a continuous liquid phase reaction phase dispersed in a gaseous medium, and a liquid phase 
medium having another liquid phase dispersed therein, or a condensed from the gas phase. For example, in a fluidized bed 
slurry consisting of a continuous liquid phase reaction reaction system, mechanical resonator(s) may be located 
medium having a particulate solid phase material such as a 30 within the fluid bed and/or in a reaction effluent gas stream 
catalyst for the reaction, dispersed therein. having fluidized catalyst suspended therein. Inresponse to the 

As illustrated, the sensing surface of the resonator 315 is measurement indicating the extent of conversion at a defined 
located at or below the level of the fluid reaction mass con- point in the flow path, a feedback control system may operate 
tained in the reactor. In such position, it may be used to to adjust feed rates, reactant feed ratios, reaction temperature, 
monitor the density, viscosity. or dielectric constant of the 35 total reaction pressure, or a gaseous reactant partial pressure 
fluid in which it is in contact, and thereby monitor any of a to maintain a desired conversion and/or a desired level of 
variety of conditions for purposes of process control. For productivity. 
example, a resonator located at an elevation corresponding to Where chemical reaction results in a change of state, 
the desired liquid charge level in the reactor can be used in mechanical resonators may be used to detect the point at 
monitoring the charging process and determining when 40 which phase change occurs and monitor progress of the reac-
charging is complete. Through a feed back loop, it may func- tion beyond this point. For example, where reaction is accom-
tion as a level sensor for a level controller which controls panied by precipitation of a reaction product or by-product, 
charging of reactants to the batch. A resonator located below there may be a relatively sharp discontinuity in fluid proper-
the target liquid level may be used to monitor the progress of ties such as density, viscosity and/or dielectric constant vs. 
the reaction, e.g., the degree of conversion as a function of the 45 time at the point of incipient precipitation of such product or 
changing composition on the viscosity, density, kinematic by-product. The operation and control of such processes is 
viscosity or dielectric constant of a single phase reaction described in certain of the examples set out hereinbelow. and 
mass, or of the continuous liquid phase within which other the observed effects illustrated in FIGS. 16-25. In other cases, 
reaction mass components are suspended. gaseous reactants may combine to yield a product or by-

Mechanical resonators may be provided elsewhere in the 50 product which spontaneously condenses as a liquid or solid, 
system. Among the fluids which may be contacted are a liquid or which may be condensed by cooling the reaction product 
reaction medium, a solution comprising a reactant and/or gas. In still further examples, solid and/or liquid reactants 
product of the reaction in the reaction medium, a dispersion may combine to yield a product or by-product which is driven 
comprising a reactant and/or product of the reaction dispersed offfrom the reaction medium as a gas or vapor. 
in the reaction medium, a vapor phase evaporated from the 55 The method of the invention can be applied to any type of 
reaction medium, another liquid phase resulting from a phase reaction system, whether inorganic. organic. polymeric and 
separation during the reaction, another liquid phase compris- non-polymeric. For example, in a solution, suspension or 
ing a source of reactant, a liquid phase sink for removal of emulsion polymerization or oligomerization reaction, the 
product and/or a source of a phase transfer catalyst, or a mechanical resonator may be contacted with a solution or 
dispersion comprising another liquid phase in a liquid reac- 60 dispersionofpolymeroroligomerproductinaliquidreaction 
tion medium. For example. if the composition of the vapor medium. The sensor may be used in such system to monitor 
stream flowing from the reactor to the condenser, or the the viscosity, density, or kinematic viscosity ofthe solution or 
condensate returning from the condenser to the reactor dispersion. 
changes during the course of the reaction, changes in the In all such chemical reaction processes, mechanical reso-
density, viscosity, kinematic viscosity and/or dielectric con- 65 nators may also be used for indication of quality control 
stant of the vapor and/or condensate stream may be indicative and/or as alarms to detect abnonnal process conditions or the 
of the progress of the reaction. Where a non-condensable gas generation of unwanted by-products. In such instances, the 
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function of the resonator may be to trip an alarm or an auto
mated shutdown procedure in addition to or instead ofnonnal 
process control procedures. 

A flexural mechanical resonator may provide real time 
analysis of process fluids, and such real time analyses are of 
major value both in the laboratory investigation of chemical 
reactions and in the monitoring and control of industrial scale 
reactors. Traditionally, reaction end point determination and 
control have depended on analysis of off line samples. Some 
reaction systems have been provided with on-line analyzers 10 

based on analytical principles such as gas or liquid chroma
tography. These methods shorten the delay associated with 
drawings of samples and transporting them to a laboratory for 
analysis, but operation of even an on-line chromatograph 
requires time for sampling, injection and elution which pre- 15 

cludes obtaining results in real time. Real time analyses can 
be made using spectroscopic teclmiques such as near infrared 
and Fourier Transfonn Infrared ("FTIR"), but spectroscopic 
methods typically require relatively complex calibrations 
which limit their practical utility. The response provided by a 20 

flexural mechanical resonator, on the other hand, can be 
readily and innnediately analyzed mathematically to provide 
an instantaneous signal and readout for such parameters as 
density, viscosity and dielectric constant. Relatively straight
forward correlations of these properties with composition, 25 

e.g., based on the relationship between density and molecular 
volume, allows composition to be detennined relatively sim-

40 
densable flow is generally substantially constant where air or 
other carrier gas is used, and is also generally constant in a 
vaCUllln drying system, at least once the dryer apparatus has 
been evacuated, residual moisture or other volatile content of 
the solids is typically reflected in the partial pressure of mois
ture or other volatiles in the gaseous stream exiting the dryer. 
Thus, as drying proceeds, the flow rate of vapor driven off 
from the solids declines so that the relatively proportion 
thereof drops, and the relative proportion of non-condensable 
increases, in the vapor line. This shift in composition may be 
reflected in the density, viscosity and/or dielectric constant of 
the vapor stream in line 403, which may then be monitored to 
identify the end point of batch drying operation or to control 
a continuous drying operation, e.g., by adjusting feed rate, 
vacul.llll, heat input, stripping gas flow rate to maintain a 
density, viscosity, dielectric constant, etc., that is (are) asso
ciated with adequate removal of volatiles from the feed. The 
operation and control of such drying processes are described 
in certain of the examples set out hereinbelow, and the 
observed effects illustrated in FIGS. 26-30. 

Although the change in composition of the vapor stream 
may shift more radically in a vacuum dryer operation, the 
method of the invention can be as effective, or more effective, 
in an atmospheric or positive pressure dryer since the vapor 
density difference between the solvent removed and the non
condensables increases with the system pressure. 

The invention is further directed to a method for monitor-
ply, economically, and with a high degree of accuracy in real ing a process comprising a membrane separation. In a mem-
time. These advantages apply not only in the instance of brane separation operation, a feed mixture is introduced into 
chemical reaction, but in the case of each and all of the various 30 a feed zone on an upstream side of a membrane separator at a 
unit operations that are described and discussed herein. pressure higher than the pressure in a penneate zone on the 

Illustrated in FIG. 26 is a system adapted for drying a other side of the membrane. The pores of the membrane may 
particulate or granular solid product as conducted, e.g., in a be sized to pass one component of the feed mixture but not 
process wherein a solid reaction product is crystallized from another, or at least to pass one component preferentially to the 
a reaction solution, or recrystallized from a recrystallization 35 other. For example, as in reverse osmosis, they may be sized 
solvent, and separated from the crystallization mother liquor to pass a solvent, but not a solute dissolved therein. Such 
by filtration or ccntrifugation. To producc a dry, typically membranes are also used for gas separations producting a 
flowable, solid product, volatiles such as moisture and/or penneate fraction relatively enriched in one or more ofthe gas 
organic solvents arc connll0nly rcmovcd by drying. The sys- components, and a retentate (or more typically a tangential 
tem of FIG. 26 comprises a dryer vessel 401 which may, for 40 flow fraction) relatively enriched in one or more others. Often 
example, be a rotary drycr, a fluidized bcd drycr, a tlllmel in such applications, multiple membranes in series are used to 
dryer, tray dryer, etc. A vapor line 403 from the dryer is in gas yield gas fractions that are progressively enriched in a desired 
flow cOlllll1Unication with an induced draft blower (not component, or depleted with respect to an undesired compo-
shown) or a vacuum source 405 such as a vacuum pump or jet nent. Flow in the feed zone may be dead-headed against the 
ejector. Optionally, a non-condensable stripping gas such as 45 membrane; or, as in tangential flow filtration, may flow par-
air or nitrogcn may be providcd via a gas supply linc 407. allel to the membrane, yield a tangential flow stream. In either 
Typically heat is supplied to the dryer, either in the stripping case, passage of a fluid through the membrane yields a per-
gas (c.g., heatcd air or supcrhcatcd steam) or by a jacket 409 meate in the penneate zone and a retentate in the feed zone, or 
or coils (not shown) that are associated with the dryer vessel tangential flow fraction in a discharge stream exiting said feed 
and in heat transfer communication with the material to be 50 zone. 
dried therein. In some applications, especially where there is 
no stripping gas or other significant non-condensable content 
of the vapor exiting the dryer via line 403, a dry gas may be 
injected from a dry gas supply 411 at a relatively slow rate 
prcferably just sufficicnt to prcvcnt condensation of vapor 55 

upstream of the vacuum source without overloading a 
vacuum pl.llllp or ejcctor. 

A mechanical resonator 413 located in vapor line 403 
contacts the vapor exiting the dryer. By monitoring the den
sity, viscosity, and/or dielectric constant of the vapor, the 60 

progress of the drying operation may be monitored. Under the 
influence of the blower, vacuum pump or ejector, there is 
typically a substantially constant flow of non-condensable 
gas through thc vapor linc, cithcr as a stripping gas that is 
metered into the dryer, or as relatively minor volume of envi- 65 

romncntal air that is drawn in as "Ieakagc" into thc system, 
e.g., through shaft seals and the like. Because the non-con-

Fluids 
Generally, as noted above, the multi -component composi

tion can comprise a multi-component solution or a multi
component dispersion, in each case comprising one or more 
liquid phase media. Although the particular nature of the 
multi-component composition is not critical to the methods 
and systems of the invention, the mUlti-component composi
tion can, in some applications, preferably comprises organic 
moleculcs, such as non-polymeric organic molccules, 
together with one or more liquid-phase components, typically 
in a solution or dispersion. Such non-polymeric organic mol
ecules are used to great extent within the phamlaceutical 
industry, as active phannaceutical ingredients (API's) as well 
as intermediates in the synthesis and/or manufacture thereof. 

Thc sensors of the methods and systems of thc invcntion, 
including mechanical resonator sensors and other sensors 
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described herein (e.g., refractive index sensors) are well 
suited for monitoring and/or controlling separation opera
tions involving such multi-component compositions. 
Mechanical resonators such as flexural resonators can be 
used, for example, in connection with liquids or gasses having 
a wide range of fluid properties, such as a wide range of 
viscosities, densities and/or dielectric constants (each such 
property being considered independently or collectively as to 
two or more thereof). For example, liquid fluids can generally 
have viscosities ranging from about 0.1 cP to about 100000 10 

cP, and/or can have densities ranging from about 0.0005 
g/cc'3 to about 20 gI cc '3 and/or can have a dielectric constant 
ranging from about 1 to about 100. Gaseous fluids can, for 
example, generally have viscosities ranging from about 0.001 
to about O.l cP, and/or can have densities ranging from about 15 

0.0005 to about 0.1 g/cc'3 and/or can have a dielectric con
stant ranging from about 1 to about 1.1. The fluids can be ionic 
fluids or nonionic fluids. As an example, ionic fluids can have 
a conductivity ranging from about 1 Ohm.cm to about 1 
GOffin cm. The fluids of the invention can include relatively 20 

pure liquid or gaseous elements (e.g., liquid N2, gaseous °2, 

gaseous or liquid H2) or relatively pure liquid or gaseous 
compounds (e.g., liquid H20, gaseous CH4). 

25 

30 

35 

40 
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vacuum conditions to about 5,000 psig, from vacuum condi
tions to about 1,000 psig, from vacuum conditions to about 
500 psig, or from vacuum conditions to about 100 psig. In 
various alternative embodiments, the pressure range in each 
of the aforementioned ranges can have lower pressure limit of 
about 1 psig or about 10 psig or about 20 psig. Mechanical 
resonators described herein are generally usefill under all 
pressure conditions, provided they are properly sealed. 

Monitored Property/Properties 
In the methods and systems and apparatus ofthe invention, 

the particular property being monitored is not narrowly criti
cal. In general, the property of interest will depend on the fluid 
and the significance of the monitoring with respect to a par-
ticular fluid system in a particular commercial application. 
The property being monitored for a particular fluid system 
also depends on the type of sensor. Significantly, some prop
erties of fluids (both liquids and gasses) are of general impor
tance across a wide range of conmtercial applications. For 
example, the viscosity of a fluid is of near universal interest 
for many fluid systems. Likewise, the density of a fluid is also 
of great general interest for many fluid systems. It is espe
cially advantageous to be able to monitor both viscosity and 
density of a fluid~based on the same monitoring event (e.g., 
concurrently or simultaneously, using the same sensing ele-
ment, on the same fluid sample). Significantly, flexural reso-
nators such as tnning forks, nnimorphs (e.g., disc benders), 
bimorphs, torsional resonators, etc. have been demonstrated 
by Matsiev et al. to have the capability of such concurrent or 
simultaneous monitoring of both viscosity and density. See 
Matsiev, "Application of Flexural Mechanical Resonators to 
Simultaneous Measurements of Liquid Density and Viscos
ity," IEEE International Ultrasonics Symposium, Oct. 17-20, 
1999, Lake Tahoe, Nev., which is incorporated by reference 
herein for all purposes, and see also connnonly-owned U.S. 
Pat. Nos. 6,401,519; 6,393,895; 6,336,353; 6,182,499; 6,494, 
079 and EP 0943091 Bl, each of which are incorporated by 
reference herein for all purposes. Dielectric constant is also a 
very significant property of interest for many commercial 
applications~particularly for applications involving ionic 
liquids. See Id. Other properties can also be of interest, alter-

The fluids being sensed in cOlmection with the methods 
and systems of the invention can be single-phase or multi
phase mixtures of gases, liquids and/or solids, including for 
example: mixtures of gases; mixtures of liquids (e.g., solu
tions); two-phase mixtures ofa first liquid and a second liquid 
(e.g., liquid-liquid emulsion); two-phase mixtures of liquids 
and gases (e.g., a liquid having gas sparging or bubbling, e.g., 
a liquid nebulized through a gaseous environment); two
phase mixtures ofliquids and solids (e.g., colloidal solutions; 
dispersions; suspensions); and/or three-phase mixtures of 
gasses, liquids and solids. As discussed in further detail else
where herein, mechanical resonators generally, and flexural 
and torsional resonators in particular, are separately and 
simultaneously capable of measuring variables such as den
sity, viscosity, kinematic viscosity, dielectric constant, etc. 
For certain streams in certain applications, multiple such 
composition dependent variables may be simultaneously 
sensed as a flmction of resonator response, and separate read
outs and/or records can be generated for these variables. In 
other process operations, it may be preferable to select only a 
single variable as indicative of composition. The normal or 
anticipated variations in composition of some process fluids 
may not have a marked eftect on all the fluid parameters such 
as density, viscosity and dielectric constant. In the latter cir
clnnstances, the variable selected for monitoring is preferably 
one which changes relatively sharply as a fimction of com
position. 

natively to or in addition to the aforementioned properties. 
For example, temperature and/or pressure and/or flow rate are 
similarly of near-universal interest across a wide range of 
commercial applications. Parallel resistance can also be of 

45 interest. 

Operating Conditions 

Mechanical Resonator Sensors 
In preferred applications, the fluid(s) contained within, 

constrained by, originated from, or otherwise associated with 
50 the fluid system 100 are being sensed using mechanical reso

nator sensors 10 comprising mechanical resonators 40, vari
ous details and applications of which are further illustrated in 
FIGS. 3A through 3D, FIGS. 4A through 41, FIGS. SA The operating conditions of the fluid in the fluid system is 

not narrowly critical to the invention. Generally, the fluids 
within a particular fluid system and/or fluids in different fluid 55 

systems can be processed and/or generated nnder widely 
varying process conditions, such as temperature, pressure 
flowrate. Generally, the temperature can range from above the 
freezing point of the fluid to above the vaporization tempera
ture, including for example to superheated temperatures and/ 

through SC, FIGS. 6A through 6E and FIGS. 7A through 7D. 
For mechanical resonator sensors (e.g., lOA, lOB, 10C and 

10D) sensing surfaces of the one or more resonators are 
contacted with fluid(s) at the one or more positions, prefer
ably during a sensing period. The one or more resonators can 
be stimulated, preferably during the sensing period and while 

60 their sensing surfaces are in contact with the fluid. The one or 
more resonators can be stimulated actively (e.g., using an 
electrical activating signal) or passively (e.g., without an acti
vating signal) to generate signals associated with the respec
tive resonator responses. The generated signals are COlll111U-

or supercritical conditions. Particular temperature ranges can 
be preferred for particular fluids. Generally, the pressure 
within a fluid system can likewise cover a wide range, includ
ing for example ranging from about vacuum conditions to 
about 25,000 psig. In preferred applications, the pressure can 
be lower, ranging from vacuum conditions to about 15,000 
psig, from vacuum conditions to about 10,000 psig, from 

65 nicated, as individual signals or as multiplexed signals, over 
one or more conmtunication paths to electrical circuitry (gen
erally shown in the various figures as 20/30 for signal pro-
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cessing and/or data retrieval). If multiple signals from mul
tiple resonators are multiplexed, the multiple signals can be 
subsequently deconvoluted, for example by processing the 
signals to characterize the responses, and then associating the 
characterized responses of the resonators with specific posi
tions of respective resonators. 

In preferred methods, the characterized responses of the 
resonators are also used to deternline one or more properties 
of the fluid being sensed. Fluid properties can be advanta
geously determined using flexural resonators such as tuning 10 

forks, for example (e.g., to determine viscosity, density, 
dielectric and conductivity). Generally, at least one property. 
and preferably two or more properties of the fluid at each of 
the multiple positions is determined. Typically, the at least 
one property is determined at multiple positions by correlat- 15 

ing the respective responses associated with each resonator 
with the at least one property of the fluid. for example, based 
on at least one of the signal characteristics of the character
ized responses of the resonators. 

Generally. signals generated in association with the 20 

response(s) of the mechanical resonator(s) can be communi
cated over (one or more) communication paths. The particular 
nature of the communication path is not narrowly critical. The 
communication path can typically comprise for example, a 
plurality of a conductive paths such as conductive wires, 25 

condnctive thin-film comiectors or other conductive COlmec
tors. Alternatively, however, the connnunication path can be 
realized (over its entirety or over a portion thereof) using for 
example acoustic paths (e.g., solid waveguides. such as solid 
rods), magnetic paths (e.g., inductive coupling, such as across 30 

a fluidic barrier), or electromagnetic paths (e.g. electromag
netic radiation such as microwave radiation, visible light 
radiation, infrared radiation, etc., typically applied in COllllec
tion with a wave guide such as a fiber optic, etc.). Regardless 
of the particular mmmer in which the conllllUlication path is 35 

realized, the mechanical resonators can be configured in any 
suitable mallller with respect to electrical cOlllection to the 
communication path. The particular configuration will 
depend upon the type of mechanical resonators employed, 
including for example, the nmnber of electrodes and the con- 40 

figuration of the electrodes associated with the resonators, 
how the resonators are stimulated (e.g., actively versus pas
sively), etc. 

In each of the aforementioned generally preferred 
approaches and/or embodiments of the methods and sensors 45 

and systems of the invention, the sensor(s) can be employed 
for sensing, monitoring mId/or evaluating one or more fluids 
in one or more fluidic systems. 

In general, as noted above, the particular sensing element 
of the sensor of the methods and systems and apparatus of the 50 

present invention is not limited. Generally, the sensing ele
ments useful in counection with this invention are adapted to 
monitor one or more properties of a fluid-that is, to generate 
data associated with one or more properties of the fluid. The 
data association with a property in tIns context means data 55 

(typically obtained or collected as a data stremn over some 
time period such as a sensing period), including both raw data 
(directly sensed data) or processed data, can be directly infor
mative of or related to (e.g., through correlation and/or cali
bration) an absolute value of a property and/or a relative value 60 

of a property (e.g .. a change in a property value over time). In 
many applications, the raw data can be associated to a prop
erty of interest using one or more correlations and/or using 
one or more calibrations. Typically such correlations and/or 
calibrations can be effected electronically using signal pro- 65 

cessing circuitry, either with user interaction or without user 
interaction (e.g., automatically). 

44 
Particular sensing elements for the sensor 10 can be 

selected based on needed or desired property (or properties) 
of interest, and on required specifications as to sensitivity, 
universality. fluid-compatability, system-compatability. as 
well as on business considerations such as availability, 
expense, etc. Because of the substantial universal nature of 
viscosity and/or density andlor dielectric properties for many 
diverse fluid systems, sensor elements that are suited for 
monitoring these properties are preferred. There are many 
sensor elements known in the art for measuring one or more 
of viscosity, density and/or dielectric. Accordingly, the selec
tion of one or more of such sensor element types is not critical 
to the invention. However, in many applications the use of 
mechanical resonators, and especially flexural or torsional 
resonators, offers significant advantages. 

Preferably, the sensor 10 comprises a mechanical resonator 
sensor. The mechanical resonator can include, for example, 
flexural resonators, surface acoustic wave resonators, thick
ness shear mode resonators and the like. Various types of 
flexural resonators can be employed. including for example 
tuning forks, cantilevers, bimorphs, unimorphs, membrane 
resonators, disc benders, torsion resonators, or combinations 
thereof. Flexural resonator sensing elements comprising tun
ing fork resonators are particularly preferred. The tuning fork 
resonator can have two tines (e. g., binary-tined tlUling fork) or 
more than two tines, such as three tines (e.g., a trident tUlnng 
fork) or four tines (e.g., a quaternary-tined tuning fork). In 
some applications, a tulnng fork resonator may be configured 
(e.g., with respect to geometry and electrode configuration) 
for resonating within a single plane. For some applications, a 
tuning fork may be may be configured (e.g., with respect to 
geometry and electrode configuration) for resonating in two 
or more different planes relative to each other, such as in two 
planes perpendicular to each other. 

Such flexural resonator sensors are known in the art. See 
Matsiev, "Application ojFlexural Mechanical Resonators to 
Simultaneous Measurements of Liquid Density and VISCOS

ity," IEEE International Ultrasonics Symposium, Oct. 17-20, 
1999, Lake Tahoe, Nev., wInch is incorporated by reference 
herein for all purposes, and see also commonly-owned U.S. 
Pat. Nos. 6,401,519; 6,393,895; 6,336,353; 6,182,499; 6,494, 
079 and EP 0943091 Bl, each of which are incorporated by 
reference herein for all purposes. More recent advances 
include those described in co-pending applications, such as 
U.S. Ser. No. 10/452,264 entitled "Machine Fluid Sensor And 
Method' filed on Jun. 2, 2003 by Matsiev et al. (co-owned, 
describing applications involving flexural resonator tech
nologies in machines, such as transportation vehicles); U.S. 
Ser. No. 60/505,943 entitled "Environmental Control System 
Fluid Sensing System and Method' filed on Sep. 25, 2003 by 
Matsiev et al. and related PCT Application No. PCT/US031 
32983 entitled "Environmental Control System Fluid Sensing 
System and Method' filed on Oct. 17, 2003 by Matsiev et al. 
(each co-owned, describing applications involving flexural 
resonator technologies in heating, ventilation, air-condition
ing and refrigeration systems and in machines such as engine 
systems related thereto); U.S. application Ser. No. 20021 
0178805 Al (describing applications involving flexural reso
nator technologies in down-hole oil well applications such as 
well-logging systems); U.S. Ser. No. 10/804,446 entitled 
"Mechanical Resonator" filed on Mar. 19,2004 by Kolosov 
et al. (co-owned, describing various advantageous materials 
and coatings for flexural resonator sensing elements); U.S. 
Ser. No. 10/804,379 entitled "Resonator Sensor Assembly" 
filed on Mar. 19,2004 by Kolosov et al., and PCT Applica
tion. No. PCT/US04/08552 entitled "Resonator Sensor 
Assembly" filed on Mar. 19, 2004 by Kolosov et al. (each 
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co-owned, describing various advantageous packaging 
approaches for applying flexural resonator technologies); and 
U.S. Ser. No. 10/394,543 entitled "Application Specific Inte
grated Circuitry For Controlling Analysis For a Fluid" filed 
on Mar. 21, 2003 by Kolosov et al., andPCT Application. No. 
PCTlUS041008555 entitled "Application Specific Integrated 
Circuitry For Controlling Analysis For a Fluid" filed on Mar. 
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19, 2004 by Kolosov et al. (each co-owned, describing elec
tronics technologies involving application-specific integrated 
circuit for operating flexural resonator sensing elements), 
each of which are incorporated herein by reference for all 
purposes, and each of which includes descriptions of pre
ferred embodiments for flexural resonator sensors and use 
thereof in connection with the methods and apparatus and 
systems of the present invention. Further details regarding 
flexural resonator sensors and/or flexural resonator sensing 
element are described below, but are generally applicable to 
each approach and/or embodiment of the inventions disclosed 
herein. 

portion of the fluid system(s). Preferably, the sensor 10 is 
interfaced across the barrier without substantially compro
mising the integrity of the fluid system. With furtherreference 
to the various figures discussed above, a sensor 10 can be 
interfaced with a fluid system 100 across a barrier 110 using 
a coupling 60. The coupling 60 can generally be a mechanical 
coupling, an electrical coupling and/or a magnetic coupling. 
In one approach, the coupling 60 can comprise one or more 
bodies having a first surface on the internal fluid-side of the 

10 1 I barrier 110, and an opposing second surface on t le externa 

With further reference to FIGS. 3A through 3D, generally, 
each of the mechanical resonators 40 of the sensor 10 can 
comprise one or more sensing surfaces 50 that can be exposed 

15 

20 

25 

to a fluid during a sensing operation. The sensor can also 
comprise one or more additional sensing elements 51, and in 
some embodiments, each ofthe multiple mechanical resona
tors 40 can be employed together with corresponding addi
tional sensing elements 51 such as additional temperature 
sensing elements 51. With reference briefly to FIG. 3D, the 
sensing surfaces 50 of the mechanical resonators 40 can be 
optionally situated in a sensing element housing 52 such that 30 

a sensing surfaces 50 can be exposed to the fluid (e.g., via 
housing window 54). 

Although much of the description is presented herein in the 
context of flexural resonator sensors, various aspects of the 
invention are not limited to such sensors. Hence, other types 35 

of sensors (or sensor subassemblies) can also be used in place 

side of the barrier 110. The body of the coupling 60 can be 
affixed to (e.g., fixedly mounted on, fixedly attached to) the 
barrier 110. Alternatively, the body of the coupling 60 can be 
integrally formed with the barrier 110. The body of the cou-
pIing 60 can alternatively be removably engaged with the 
barrier 110. In any case, the coupling 60. As noted, the cou
pling 60 can further comprise one or more conductive paths 
(e.g., wired electrical leads) extending through the body 
thereof. The one or more conductive paths can each have 
corresponding end terminals preferably exposed at one or 
more surfaces of the body, and adapted for providing electri
cal cOlmection across the barrier 11 0 between the mechanical 
resonators 40 (and other sensing element 51) and signal pro
cessing circuitry and/or data retrieval circuitry. The temlinals 
can comprise, for exanlple, contact pins or contact pads. 

Sensor Circuitry 
With reference to FIGS. 3A through 3D, the sensor 10 

further comprises one or both of a signal processing circuit 20 
or a data retrieval circuit 30. 

The sensor 10, as shown in FIG. 3A, can comprise two or 
more mechanical resonators 40 (e.g" a flexural resonators) 
linked by a connnon commnnication path 65 to a circuit. The 
circuit preferably comprises either a signal processing circuit 
20 (e.g., comprising amplifier circuitry), or a data retrieval 
circuit 30 (e.g. comprising data memory circuitry, perhaps 
adapted for recording raw data received from the mechanical 
resonators 40). In a generally more preferred embodiment the 
sensor 10 can comprise two or more installed mechanical 
resonators 40 (e.g., two or more flexural resonators) com
monly communicating with both signal processing circuitry 
20 and data retrieval circuitry 30. 

Generally, the signal processing circuit 20 can comprise 

of mechanical resonators. In addition, other sensors (or sen
sor subassemblies) can be used in combination with the 
mechanical resonator sensor or other types of sensors men
tioned above. Particularly preferred sensors for use in com- 40 

bination with mechanical resonators, such as flexural resona
tors, include temperature sensors, pressure sensors, flow 
sensors, conductivity sensors, thennal conductivity sensors, 
among others. 

45 one or more of signal conditioning circuitry 24 and data 
derivation circuitry 26, separately or in combination. If the 
mechanical resonators 40 are to be actively stimulated using 
an electronic stimulus, the signal processing circuit 20 can 

Barrier Interface 
Generally, the fluid process system 1 00 can comprise one 

or more couplings 60 for interfacing the sensor (such as 
sensor 10) across a fluid barrier 110, as shown for example in 
FIGS. 3A through 3D. Although illustrated generally with 50 

circuits 20, 30 external to the fluid being sensed, in some 
applications the circuits 20, 30 (and indeed the entire sensor 
10) is situated internal to the fluid system and exposed to the 
fluid; thereby obviating the need for the coupling 60. Pack
aging approaches are known in the art for such internally
situated electronics circuits 20, 30. 

With further reference to FIG. 3D, for example, the 
installed sensor 10 can also optionally comprise a coupling 60 
providing electrical or mechanical access across the fluidic 
barrier 110. The coupling 60 can comprise a set of conductive 
paths (not shown) providing electrical communication 
through the barrier 110 to a signal processing circuit 20 or 
data retrieval circuit 30, preferably situated on the external 
side of the barrier 110 of the fluid system 100 (e.g., mounted 
on the external side of the coupling 60, as shown). 

As described above, the sensor 10 can be interfaced with 
the fluid system( s) across a barrier 11 0 that defines at least a 

further comprise optional signal activation circuitry 22. 
Generally, referring further to FIGS. 3A and 3B, the signal 

processing circuit 20 can comprise one or more circuits (or 
circuit modules) for activating sensing surfaces 50 of 
mechanical resonators 40 and/or for processing data originat
ing with a sensing surface 50 of a resonator 40. Generally for 

55 example, the signal processing circuit can comprise: a signal 
activation circuit 22 (generally optional. e.g., for providing an 
electronic stimulus to the sensing element during active sens
ing, as discussed in more detail below); a signal conditioning 
circuit 24 for processing data originating from the sensing 

60 element (generally preferred, e.g., for altering an electronic 
characteristic of a data signal. typically resulting in a condi
tioned data or data stream); and/or a data derivation circuit 26 
for processing data originating from the sensing element 
(generally preferred, e.g., for identifying, selecting or inter-

65 preting a particular electronic characteristic of a data signal, 
typically resulting in derived data or data stream that is more 
closely related to the property (or properties) of interest (e.g., 
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has higher infonnation content and/or greater infonnation 
value) than a raw data stream and/or a conditi oned data or data 
stream). 

In particular, with further reference to FIG. 3C, the signal 
processing circuit 20 can comprise one or more circuits (or 
circuit modules) as signal conditioning circuits 24, such as for 
example: signal input circuitry 24a (e.g., for receiving a 
response signal from the sensing surface 50 of the resonator 
40); amplifYing circuitry 24b (e.g. including pre-amplifiers 10 

and amplifiers, for amplifying a signal); biasing circuitry 24c 
(e.g., for offsetting or otherwise changing a reference frame 
relating to the signal, including such as for reducing analog 
signal offsets in the response signal); converting circuitry 24d 
(e.g., analog-to-digital (AID) converting circuitry for digitiz- 15 

ing data or a data stream); microprocessor circuitry 24e (e.g., 
for microprocessing operations involving data originating 
from the sensing element and/or user-defined data); signal
processing memory 24f (e.g., typically being accessible to 
one or more signal processing circuits or circuit modules for 20 

providing data thereto, such as for example system-specific 
and/or sensing-element-specific identifYing indicia, user-de
fined data for signal conditioning. etc.); and/or signal output 
circuitry 24g (e.g., for outputting a conditioned signal to 
another circuit module (e.g., to a data derivation circuit and/or 25 

to a data retrieval circuit). 
Referring again to FIG. 3C, the signal processing circuit 20 

can comprise one or more circuits (or circuit modules) as data 
derivation circuits 26, such as for example: signal input cir
cuitry 26a (e.g., for receiving a response signal from the 30 

sensing surface 50 of the resonator 40 or from one or more 
data conditioning circuits 24); signal detection circuitry 26b 
(e.g., for identifying and/or detecting one or both of phase 
data and/or amplitude data and/or frequency data of the 
response signal); microprocessor circuitry 26c (e.g., for 35 

microprocessing operations involving data originating from 
the sensing element, typically involving a microprocessor 
configured for processing one or more software operations 
such as software algoritln11S or finnware algorithms (e.g., a 
data-fitting algorithm) for detennining a parameter of the 40 

fluid that is associated with a property thereof, and/or typi
cally for processing user-defined data (e.g., predefined data 
and/or substantially concurrently-defined data) in conjunc
tion with the data originating from the sensing element, and/ 
or typically involving user-initiated, user-controllable, and/or 45 

user-interactable processing protocols, typically for deter
mining a parameter using a calibration with a fitting algo
ritlnn, for detennining a parameter using a correlation algo
ritlnll, for detennining a change in a detected signal 
characteristic (e.g., frequency, amplitude) or for detennining 50 

a detennined parameter); signal-processing memory 26d 
(e.g., typically including electronic data storage media, such 
as non-volatile memory (e.g., ROM, PROM, EE-PROM, 
FLASH memory, etc.), typically being pre-loaded with and/ 
or being accessible for loading user-defined data (e.g., cali- 55 

bration data, correlation data, data defining approximated 
fluid properties, system-specific illfonnation, sensing-ele
ment specific infomlation such as an identifying indicia, and/ 
or typically being accessible to one or more signal processing 
circuits (or circuit modules) for use thereof, and/or signal 60 

output circuitry 26e (e.g., for outputting a conditioned signal 
to another circuit module (e.g., to a data derivation circuit 
and/or to a data retrieval circuit). 

48 
The data storage circuitry 32 of the data retrieval circuit can 

comprise memory for capturing raw data stream or a data 
stream generated by the signal processing circuit (e.g., a 
conditioned data stream or a derived data stream). In such a 
case, in operation, collected data residing in the installed 
memory circuit can be transmitted to and either displayed in 
or stored in a ported unit, for later collection and/or analysis 
at a remote data repository. For example, a memory stick 
Gump drive) can be used to transfer data to a remote data 
repository. 

The data retrieval circuit 30 can comprise (additionally or 
altematively to the data storage circuit) data display circuitry 
34 such as a light (e.g., an light-emitting diode (LED)) for 
indicating a status of a fluid under test) or such as a readout 
(e.g., an LED readout display) or such as a graphical user 
interface (e.g., computer monitor). 

Likewise, in any of the aforementioned and/or following 
mentioned approaches and embodiments. referring again to 
3A through 3B, the data retrieval circuitry 30 can comprise 
one or more modules for retrieving data-whether raw data or 
processed data. Generally, the data retrieval circuit 30 can 
comprise one or more circuits (or circuit modules), including 
a data storage circuit 32, a data display circuitry 34 and/or a 
data transmission circuitry 36. The data retrieval circuit 30 
can be in electrical communication with the sensing element 
directly, or altematively, via a signal processing circuit 20 that 
processes (e.g., amplifies, biases, converts, etc.) raw data 
coming from the sensing element. 

With further reference to FIGS. 3C, the data storage circuit 
32 can typically comprise: signal input circuitry 32a (e.g., for 
receiving raw data or a raw data stream from the sensing 
element, and/or for receiving conditioned data or a condi
tioned data stream from one or more data conditioning cir
cuits 24, and/or for receiving derived data or a derived data 
stream from one or more data derivation circuits 26); a data 
storage media 32b (e.g., such as non-volatile memory (e.g., 
ROM, PROM, EE-PROM, FLASH memory etc.); and, signal 
output circuitry 32c (e.g., for outputting a stored data or 
stored data stream to another circuit module (e.g., to a data 
derivation circuit and/or to a data transmission circuit and/or 
to a data display circuit). 

Data display circuit 34 as shown in FIG. 3C can configured 
to be effective for displaying data associated with one or more 
properties of a fluid, or for displaying a status of the fluid. 
where such status is based on data associated with a property 
of the fluid. Hence. data display circuit 34 can include a 
display device, and can typically comprise: signal input cir
cuitry 34a (e.g., for receiving raw data or a raw data stream 
from the sensing element, and/or for receiving conditioned 
data or a conditioned data streanl from one or more signal 
conditioning circuits 24, and/or for receiving derived data or 
a derived data stream from one or more data derivation cir
cuits 26. and/or for receiving stored data or stored data stream 
from one or more data storage circuits 32); a data-display 
memory 34b (e.g., such as non-volatile memory (e.g .. ROM. 
PROM, EEPROM, FLASH memory, etc., or random access 
memory (RAM), in either case typically for temporarily stor
ing a data or data stream to-be-displayed); a microprocessor 
circuit 34c (e.g., for processing/modifying data, such as 
stored, to-be-displayed data); a visual display circuit 34d 
(e.g., digital computer monitor or screen; e.g., a status light 
such as a LED status light, e.g., a printer. e.g., an analog 
meter, e.g., a digital meter, e.g., a printer, e.g., a data-logging The data retrieval circuit 30 can comprise data storage 

circuitry 32 and/or data display circuitry 24, separately or in 
combination. The data retrieval circuitry 30 can likewise 
comprise data transmission circuitry 36. 

65 display device, e.g., preferably in some embodiments a 
graphical user interface, etc.); and, signal output circuitry 34e 
(e.g., for outputting a stored data or stored data stream-such 
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as to another circuit module (e.g., to a data derivation circuit 
and/or to a data transmission circuit and/or to a data display 
circuit). 

Data transmission circuit 36 as shown in 3C can be con
figured to be effective for transmitting data originating from 
the sensing element. Specifically, for example, the data trans
mission circuit 36 can include: signal input circuitry 36a (e.g., 
for receiving raw data or a raw data stream from the sensing 
element, and/or for receiving conditioned data or a condi
tioned data stream from one or more data conditioning cir- 10 

cuits 24, and/or for receiving derived data or a derived data 
stream from one or more data derivation circuits 26, and/or 
for receiving stored data or stored data stream from one or 
more data storage circuits 32); an optional microprocessor 
circuit 36b (e.g., for processing/modifYing data, such as 15 

stored, to-be-transmitted data, and/or for controlling data 
transmission protocols): transmission protocol circuitry 36c 
(e.g., for effecting and coordinating cOllUllunication proto
cols, such as for example a hard-wired interface circuit (e.g., 
TCP/IP, 4-20 llLA., 0-5V, digital output, etc.), or a wireless 20 

communication circuit involving an electromagnetic radia
tion (e.g., such as radio frequency (RF) short range C01lllllU
nication protocols (e.g., Bluetooth™, WiFi-IEEE Standard 
80211 et seq., radio modem), land-based packet relay proto
cols, satellite-based packet relay protocols, cellular tele- 25 

phone, fiber optic, microwave, ultra-violet and/or infrared 
protocols), or a wireless cOllUllunication circuit involving 
magnetic fields (e.g., magnetic induction circuits); and signal 
output circuitry 36d (e.g., for outputting a transmission of 
stored data or stored data stream-such as to another circuit 30 

module (e.g., to a data derivation circuit and/or to a data 
storage circuit and/or to a data display circuit). 

50 
embodiments consists essentially of) an amplifier circuit 
comprising one or more amplifiers or one or more preamp Ii -
fiers, effective for or configured for anlplifYing one or more 
input signals received from one or both of the mechanical 
resonator 40 or the additional sensing elements 51. The sen
sor 10 of this embodiment preferably further comprises at 
least a data retrieval circuit 30, but most preferably comprises 
both a signal processing circuit 20 and a data retrieval circuit 
30. This embodiment nlrther comprise, an installed memory 
media, preferably such as a signal-processing memory as an 
accessible portion of a signal conditioning circuit 24 (not 
shown) and/or as an accessible portion of a data derivation 
circuit 26 (as shown) and/or as data storage circuit 32 (not 
shown). In a preferred approach, for example, the memory 
media can comprise electronic data storage media, such as 
non-volatile memory (e.g., ROM, PROM, EE-PROM, 
FLASH memory etc.), and can typically be pre-loaded with 
and/or accessible for loading user-defined data (e.g., calibra
tion data, correlation data, data defining approximated fluid 
properties) as well as pre-loaded and/or accessible for loading 
user defined data that is system-specific information and/or 
sensing -element specific information, in each case such as an 
identifying indicia. The signal processing circuit 20 of this 
embodiment can further comprise (either as installed cir
cuitry or as a ported circuitry subassembly) an optional signal 
activation circuit 22, a signal conditioning circuit 24 and a 
data derivation circuit 26, wherein the data derivation circuit 
26 comprises microprocessor circuitry 26c confignred for 
processing data originating from the mechanical resonators 
40 and/or the additional sensing elements 51 such as addi
tional temperature sensing elements in conjunction with user-
defined data (e.g., calibration data) accessible from the 
installed memory media. The data retrieval circuit 30 of the 
sensor 10 of this particularly preferred embodiment prefer-

Data transmission is particularly preferred using a data 
transmission circuit 36 in counection with a ported sensor 
subassembly that comprises a signal-processing memory and 
the data transmission circuit. Where the signal-processing 
memory comprises user-defined data, such data can be con
figured to be accessible to the data transmission circuit for 
c0l11l11lmicating the user-defined data from the ported sensor 
subassembly to the fluid system or to a remote data repository. 

35 ably comprises, at least a data storage circuit 32 and prefer
ably also either or both of a data display circuit 34 or a data 
transmission circuit 36. 

The particular location of the signal processing circuitry 20 
and/or data retrieval circuitry 30 of the installed sensor 40 is 

40 not critical. In some embodiments (e.g., in applications 
involving high-temperature and/or flammable fluids), it may 
be advantageous to provide the preinstalled circuitry 20, 30 
external to the fluidic system (e.g., fixedly mounted on a 
surface of barrier 110 opposing the fluid-side surface of the 

In another preferred approach, the ported sensor subassembly 
can comprise a data transmission circuit for comlmmicating 
data associated with one or more properties of the fluid from 
ported sensor subassembly to the fluid system or to a remote 
data repository. In another method, the ported sensor subas
sembly can comprise a data storage media accessible for 
storing data associated with one or more properties of the 
fluid, and in combination therewith, a data transmission cir
cuit for c01ll1llunicating stored data from the data storage 
media to the fluidic system or to a remote data repository, in 50 

either case preferably using a wireless c01ll1llunication pro
tocol. 

45 barrier 110), and in electrical cOllUnunication with one or 
more ofthe resonators 40 of sensor 10. In other embodiments 
the circuitry 20, 30 can be mounted on the fluid-side surface 
of the barrier 110. 

Sensing Operations 
The sensor can be advantageously applied to sense the fluid 

by collecting data, and typically a data stream that is fluid 
dependent, and that can be processed to identify and evaluate 
particular fluid property characteristics. The methods and 

In any event, preferably, generated data is stored (e.g., in 
memory), displayed (e.g., in a graphical user interface or 
other display device) or (meaning additionally or alterna
tively) transmitted (e.g., using hard-wired or wireless com
munications protocols) using the data retrieval circuit of the 
interfaced sensor. Although listed and represented in the fig
ures in a particular (e.g., linear) order, the invention is not 
limited to use of such circuit modules in any particular order 
or configuration, and a person of ordinary skill in the art can 
determine a suitable circuit design for a particular fluidic 
system and a particular sensor, in view of the general and 
specific teaching provided herein. 

With reference to FIG. 3D, illustrating a particularly pre
ferred embodiment, the signal processing circuit 20 includes 
a signal conditioning circuit 24 that comprises (or in some 

55 systems and apparatus of the invention can be used to monitor 
fluid systems for various purposes. The inventions can be 
advantageously used, for example, to monitor fluids in any of 
the following field applications: materials or process 
research, materials or process development, materials or pro-

60 cess quality assurance (QA),process monitoring/evaluation, 
process control, and service applications involving any of the 
foregoing. 

As described above in comlection with the generally pre
ferred approaches and systems, the sensor is interfaced with 

65 one or more fluid systems. The sensor is operational for 
monitoring a property of a fluid within the fluid system. The 
fluid property can be monitored in real time, in near real time, 
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or in time-delayed modes of operation. Further details of 
preferred fluid systems, fluids, properties, sensors and moni
toring' including specific methodology approaches and appa
ratus features thereof are described herein (above and below), 
and each of the herein-described details are specifically con
sidered in various combinations and pennutations with the 
generally described aspects in this subsection of the specifi
cation. 

52 
stored data of interest. The first calibration variables can 
define physical characteristics of the sensor or sensing ele
ment. Second calibration variables can also be fetched from 
memory. The second calibration variables define characteris
tics of the sensor or sensing element in a known fluid. The 
digital fonn is then processed when the sensing element is in 
the fluid under-test, and the processing uses the fetched first 
and second calibration variables to implement a fitting algo
rithm to produce data that relates to the fluid properties or 

10 fluid characteristics of the fluid under-test. 
In any of the aforementioned and/or following-mentioned 

approaches and embodiments, the signal processing circuitry 
can comprise one or more circuit modules for processing data 
originating from the resonators 40 (generally, directly or indi
rectly). The signal processing circuitry can comprise each 
such circuit module alone (i.e., individually) or in various 
combinations and permutations. The data being processed 15 

can be raw data (previously unprocessed data) typically com
ing either directly from the sensing element or from a data 
storage media (i.e., data memory circuitry) that captured the 
data directly from the sensing element. Alternatively, the data 
being processed by one or more circuit modules of the signal 20 

processing circuit can be previously processed data (e.g., 
from another module thereof). 

Active/Passive Sensing 
Regardless of the particular configuration for the inter- 25 

faced sensor, the fluid is sensed, actively or passively, using 
the interfaced sensor during a first sensing period to generate 
data associated with one or more properties of the fluid. In 
passive sensing mode of operation, the flexural resonator 
sensing element is displaced by the fluid to generate a signal 30 

(e.g., such signal being generated by piezoelectric material of 
sensing element, with appropriate electrodes), without appli
cation of an electronic input stimulus to the flexural resonator. 
In an active sensing mode of operation. an electronic stimulus 
(e.g., input signal having a voltage and/or frequency) is pro- 35 

vided to the flexural resonator sensing element to initiate (via 
piezoelectric properties) a mechanical response in the sensing 
element such that at least a portion of the sensing surface of 

In some embodiments involving an active sensing mode 
and using a mechanical resonator sensing element (such as a 
flexural resonator sensing element), it may be preferably to 
employ an active sensing mode of operation involving an 
input stimulus signal having a frequency of not more than 
about 1 MHz, and preferably not more than about 500 kHz, 
and preferably not more than about 200 kHz. and most pref
erably not more than about 100 kHz. In some embodiments, 
even lower frequencies can be employed in the operation of 
the mechanical resonator sensing element. including for 
example frequencies of not more than about 75 kHz. Specific 
operational ranges include frequencies ranging from about 1 
kHz to about 1 MHz, preferably from about 1 kHz to about 
500 kHz, preferably from about 1 kHz to about 200 kHz, 
preferably from about 1 kHz to about 100 kHz, preferably 
from about 1 kHz to about 75 kHz, more preferably from 
about 1 kHz to about 50 kHz, more preferably still from about 
5 kHz to about 40 kHz, even more preferably from about 10 
kHz to about 30 kHz and most preferably from about 20 kHz 
to about 35 kHz. In such embodiments, it may be preferably 
to provide an input stimulus signal that has a frequency that 
varies over time. In such embodiments, it may be preferably 
to provide two or more cycles of varying a frequency over 
time over a predetennined range of frequencies, and prefer
ably over a frequency range that includes the resonant fre
quency for the flexural resonator sensing element. Such fre
quency sweeping offers operational advantages that are 
known in the art. 

resonator displaces at least a portion of the fluid. The In a preferred operation involving a passive sensing mode, 
mechanical response is fluid dependent, and the extent of that 40 the mechanical resonators such as a flexural resonator. inter
dependence can be measured electronically, as is known in 
the art. With nlrther reference to FIGS. 3A through 3C, a 
signal activation circuit 22 can comprise, for an active sensing 
mode of operation, a signal input circuitry 22a (e.g., for 
receiving a data or a data stream or instructions on active 45 

sensing signals) one or more user-defmed or user-selectable 
signal generators, such as a frequency generator circuitry 
22b, and/or such as a voltage spike generator circuitry 22c, 
and in each case, e.g., for providing an electronic stimulus to 
the sensing element, in an active sensing configuration; and 50 

signal output circuitry 22d. 
In a preferred operation involving an active sensing mode, 

a stimulus signal (e.g., such as a variable frequency signal or 

acts with the fluid to generate a property-influenced signal. 
The signal from the sensing element is intermittently or con
tinuously observed and/or retrieved by the signal processing 
circuit. The signal can be conditioned and components ofthe 
signal (e.g., frequency response, voltage, etc.) can be 
detected. The method can further include converting the 
response to digital foml, such that the digital f011n is repre
sentative of the signal received from the sensor. Then, as 
above in the active mode, first and/or second calibration vari
ables can be fetched from a memory. The first calibration 
variables can define physical characteristics of the sensor or 
sensing element. Second calibration variables can also be 
fetched from memory. The second calibration variables can 
define characteristics of the sensor or sensing element in a a spike signal) can be intermittently or continuously gener

ated and provided to the sensing element. A property-influ
enced signal, such as a frequency response. is retumed from 
the sensing element. The retum signal (e.g., frequency 
response) can be conditioned and components of the signal 

55 known fluid. The digital form can then processed when the 
sensing element is in the fluid under-test, and the processing 
uses the fetched first and second calibration variables to 
implement a fitting algorithm to produce data that relates to 
the fluid properties or fluid characteristics of the fluid under-(e. g., frequency response) can be detected. The method can 

further includes converting the frequency response to digital 
form, such that the digital fonn is representative of the fre
quency response received from the sensing element. Then, 
first calibration variables can be fetched from a memory. As 
used herein, the tenn "fetch" should be understood to include 
any method or technique used for obtaining data from a 65 

memory device. Depending on the particular type of memory, 
the addressing will be tailored to allow access of the particular 

60 test. 
In preferred embodiments, one or more circuit modules of 

the signal processing circuit and/or the data retrieval circuit 
can be implemented and realized as an application specific 
integrated circuit (ASIC). See, for example, above-refer
enced U.S. Ser. No. 10/394,543 entitled "Application Specific 
Integrated Circuitry For Controlling Analysis For a Fluid" 
filed on Mar. 21, 2003 by Kolosov et aI., and PCT Applica-
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tion. No. PCTIUS04/008555 entitled "Application Specific 
Integrated Circuitry For Controlling Analysis For a Fluid" 
filed on Mar. 19, 2004 by Kolosov et al. Particularly preferred 
circuit configurations are described below, but should be con
sidered generally applicable to each approach and embodi
ment of the inventions described herein. 

User-Defined Data (e.g., Calibration) 

54 
defined (lata (e.g. calibration data) specific for sensing the 
fluid at that location of that fluid system using that particular 
sensing element. 

In an additional or alternative approach, a signal-process
ing memory module for storing user-defined data for data 
derivation can be included within the ported sensor subas
sembly. In some embodiments, the data can be a standard data 
set with a set of varying corrections for particular sensors or 
fluids or fluid conditions. Some sort of identifying indicia is Generally relevant to each of the methods, systems and 

apparatus ofthe inventions, user-defined data such as calibra
tion data, correlation data, signal-conditioning data can be 
employed as part of a signal processing circuit (e.g., signal 
conditioning and/or data derivation circuitry). Likewise, 
additionally or alternatively, identifYing indicia such as bar
codes, electronic signatures (e.g., 64-bit serial numbers ) can 
be used to identifY one or more of: particular fluid systems, 
particular locations within a fluid system; particular fluid 
types; particular sensors; and/or particular sensing elements 
(including sensing element types (e.g., tuning fork flexural 
resonator), sensing element lot numbers for a set of co-manu
factured sensing elements, and specific particular individual 
sensing elements). Such user-defined identifYing indicia can 

10 preferably available at the site of the interfaced sensor for 
identifying it with particularity. In this instance, a person 
porting a ported sensor subassembly can then initiate a sens
ing operation (or retrieve an accumulated or stored data 
stream) by first interrogating (querying) the identifying indi-

15 cia, and then using the read identifying indicia within the 
ported sensor subassembly to obtain the relevant user-defined 
data set for the fluid at that location of that fluid system using 
that particular sensing element. 

Other variations on this approach can likewise be benefi-
20 cially applied. 

be particularly useful in combination with user-defined cali
bration, correlation and/or signal conditioning data since 
such data can be specific to the fluid system, the location, the 25 

fluid type; the sensor (type or individual sensor) and/or the 
particular sensing elements (including sensing element types 
(e.g., tuning fork flexural resonator), sensing element lot 
numbers for a set of co-manufactured sensing elements, and 
specific particular individual sensing elements). The user- 30 

defined data can be fluid-property (e.g., temperature depen
dent), and therefore, there can be interaction between one or 
more sensing elements (e.g., temperature sensing element) 
and a user-defined data (e.g., calibration data) for a particular 
fluid in a particular system using a particular resonator. The 35 

user-defined data can generally be pre-defined data or can be 
concurrently-defined data, and the defining can be done by a 
person and/or by a computer. 

The level of specificity of any particular user-defined data 
to any particular fluidic system, fluid, sensor or sensor ele- 40 

ment will depend on the particular user-application, the prop
erty of interest, the sensor type, the required degree of accu
racy, etc. 

In a preferred methods, apparatus and systems, in which a 
flexural resonator sensing element is employed alone or in 45 

conjunction with one or more other systems, it is preferable to 
have accessible user-defined calibration data that includes at 
least (i) flexural resonator sensing element-specific (e.g., cali
bration) data, as well as (ii) application-specific (e.g., fluid 
type) data (e.g., calibration data). It is also preferable to have 50 

specific user-defined identifying indicia. 
In general, there are several approaches for managing a 

network of interfaced sensors across multiple fluidic systems, 
where each sensor/system may require its own specific signal 
conditioning data (e.g., offset infonnation) and/or its own 55 

specific user-defined input to a data derivation circuitry (e.g. 
calibration data or correlation data or approximate fluid prop
erty values, etc.). 

In one approach, discussed for example in connection with 
FIG. 3D, each installed sensing element can have a locally 60 

installed signal-processing memory module for storing the 
required user-defined data. A person porting a ported sensor 
subassembly can then initiate a sensing operation (or retrieve 
an accumulated or stored data stream) using signal processing 
circuitry of the ported sensor subassembly. The ported signal 65 

processing circuitry can connnunicate with the locally-in
stalled signal-processing memory module to get the user-

Flexural Resonator Sensing Elements and Operation Thereof 
As seen in FIG. 4A, one embodiment involves the incor

poration of a sensor 10 according to the present invention into 
a fluid system 1000, such as an environmental control system, 
that includes one or more unit operation devices 1020, 1040, 
1060 such as a compressor, an expansion valve, a condenser 
and an evaporator through which a thernlal change fluid can 
be cycled via one or more passages, such as in a conduit. 
Other components may also be employed as desired, such as 
one or more suitable pumps, a filter, a dryer, a suitable flow 
cell, or a combination of two or more thereof. Likewise, any 
of the above components may be omitted from a system ofthe 
present invention. Suitable valving and process monitoring 
instrumentation may also be employed in the fluid system 
1000. 

One or more of the sensors 10 according to the present 
invention is adapted for pennanent or temporary placement 
with multiple resonators 40 positioned within one of the 
system components or between one of the system compo
nents. For example one or more resonators 40 may be situated 
between various tmit operation devices 1020, 1040, 1060. 
Likewise, one or more resonators 40 may additionally or 
altematively be incorporated in another component, such as a 
conduit, coil, filter, nozzle, dryer, pump, valve or other com
ponent, or positioned upstream or downstream therefrom. 
The resonators may be located in the flow path of the fluid 
(e.g., in a conduit), a headspace or both. In a particular 
embodiment, the sensor resonators 40 are included along with 
(and optionally integrated therewith) a condition monitoring 
device such as a temperature measurement device, a pressure 
measurement device, a mass flow meter, or combinations of 
two or more of such devices. Without limitation, an example 
of a combined pressure and temperature sensor is discussed in 
U.S. Pat. No. 5.586,445 (incorporated by reference). 

Sensing in accordance with the present invention is par
ticularly attractive for evaluating one or more of properties of 
the fluid, such as the level of a fluid (e.g., indicative of a 
system leak, a blockage in the system, or the like), the super
heat condition of a fluid (e.g., the level of superheat), sub
cooling of a fluid, concentration of a desired component (e.g., 
refrigerant) in the fluid, or the presence or absence or concen
tration of an undesired component (e.g., contaminants) in the 
fluid. In particular, the sensor is effectively employed to 
monitor (continuously or periodically) small changes in con
ditions of the fluid, such as viscosity, density, viscosity/den
sity product, dielectric constant, conductivity or combina-
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tions of two or more thereof, which are indicative of a change 
of one or more of the above-noted properties, or of a change 
in state of the fluid or the presence of contaminants, and to 
output the results thereof. 

56 
The identification of a difference between responses may then 
be used as a trigger or other output signal for COllllllllllicating 
with diagnostics hardware, which provides an audible or 
visual signal to the operator. Additionally or alternatively, 
such a signal may be outputted to a remote telemetry device, 
such as one located external of the system. Thus, as with any 
of the embodiments herein a "wireless" communications sys
tem can be employed, pursuant to which a signal that is 
outputted may be a radioirequency signal or another electro-

Optionally, the mechanical resonators can be in signaling 
commlmication with a processing unit 1100 (which may 
include a user interface) for controlling operation of the fluid 
system. TIle processing unit 1110 may be microprocessor 
integrated with the sensor 10, for example, as part of the 
signal processing circuitry as described above. The process
ing unit 11 00 optionally can optionally also be in signaling 
communication with a condition monitoring device 1120 
(shown as part of an integrated assembly with the sensor 10. 
Thus, data obtained from the sensor 10 may be processed 
along with other data to assist in monitoring and establishing 15 

operating conditions of the fluid system. 

10 magnetic signal. Comparison against reference values from 
the original fluid is not the only approach for generating a 
cOllllllunication to a user about the fluid condition. For 
example, certain expected values may be pre-programmed 

Tlms, for example, in one aspect of the present embodi
ment, the sensor 10 according to the present invention is 
employed to monitor at least one property of a fluid (e.g., the 
simultaneous monitoring of viscosity and density). Data gen- 20 

erated from the sensor, along with other data (e.g., tempera
ture, pressure, flow rate, or combinations thereof), for 
example, from the condition monitoring device 1120, can be 
sent to the processing unit 1100. From the data provided, the 
processing unit 1110, which typically will be programmed 25 

with a suitable algorithm, will process the data. In a process 
control embodiment, the processing unit can effect least one 
operation of the fluid system selected from switching a sub
system of the fluid system (e.g., a unit operation device 1020, 
1040, 1060) or one or more components thereof between an 30 

"on" or "off' state, shutting or opening a valve in the fluid 
system, changing a flow rate of the fluid, changing a pressure 
of the fluid, changing the operating speed or condition of one 
or more components of the fluid system, or otherwise con
trolling operation of the fluid system or a component thereof, 35 

providing a visual output signal, providing an audible output 
signal, or a combination thereof. 

into a device, which then compares the real-time values 
obtained. Alternatively, such comparisons are not made, but 
rather upon obtaining a certain threshold response, an output 
signal is generated for triggering a user notification, for trig
gering a system control unit to alter one or more nmctions of 
the system or a combination thereof. It is also contemplated 
that a sensor in a controlled fluid sample may be employed as 
an internal reference. 

It is also possible that the response obtained from the 
monitoring is stored in a memory, with or without communi
cating the response to the user. In this mamler, a service 
technician can later retrieve the data for analysis. 

Turning now to FIG. 4B there is shown an illustration of 
one preferred resonator element 1140 in accordance with the 
present invention. The resonator element 1140 preferably 
includes a base 1160 that has at least two tines 1180 having 
tips 1200 that project from the base. The shape of the tines and 
their orientation relative to each other on the base may vary 
depending upon the particular needs of an application. For 
example, in one embodiment, the tines 1180 are generally 
parallel to each other. In another embodiment the tines 
diverge away from each other as the tips are approached. In 
yet another embodiment, the tines converge toward each 
other. The tines may be generally straight, curved, or a com
bination thereof. They may be of constant cross sectional 
thickness, of varying thickness progressing along the length 
of the tine, or a combination thereof. 

Resonator sensing element( s) are suitably positioned in an 
element holder. Alternatively, the elements (with or without a 
holder) may be securably attached to a wall or barrier or other 
surface defining one of the fluid systems or passages into 

It will be appreciated that the above configuration of FIG. 
4A permits the use of one or more modes of active sensing 
operations, such as excitation at one or more frequencies 40 

around resonance frequency of the resonator, or the time 
decay of oscillation after an electrical or mechanical impulse 
(e.g., a voltage spike). Passive operations can include, for 
example, observing passive oscillations due to ambient noise, 
vibrations, electromagnetic interference, etc. 

The monitoring of fluid properties according to the inven
tion may be performed under normal operating conditions of 
the machine into which the present sensor is placed. The 
present invention is particularly advantageous in that it oper
able over a broad range of temperatures. Thus, in one specific 50 

aspect, it is contemplated that the monitoring step occurs at a 
temperature below -400 C. or possibly the monitoring step 
occurs at a temperature above 4000 C. Generally the moni
toring will occur between these extremes. 

45 which it is placed. In yet another embodiment, the element is 
suitably suspended within a passage such as by a wire, screen, 
or other suitable structure. 

During or following monitoring, the response of the sensor 55 

may be compared against another value, such as a prior 
response of the resonator, a response of another resonator 
located elsewhere in the system, a known reference value for 
the fluid, or a combination oftwo or more such comparisons. 
The observed response may be stored in memory or otherwise 60 

recorded. Data about a particular fluid can be stored in 
memory of a suitable processor, which can be retrieved in 
response to a triggering event, such as inputting by a tecllni
cian or reading of a fluid type by an optical detector, such as 

Element holders may partially or fully surround the sens
ing elements as desired. Suitable protective shields, baffles, 
sheath or the like may also be employed, as desired, for 
protection ofthe elements from sudden changes in fluid flow 
rate, pressure or velocity, electrical or mechanical bombard
ment or the like to help locate an element relative to a fluid or 
combinations thereof. It should be appreciated that resonator 
elements may be fabricated from suitable materials or in a 
suitable mauner such that may be employed to be re-useable 
or disposable. 

Examples of approaches to materials combinations, or the 
packaging of sensing elements that may be employed in 
accordance with the present invention are disclosed, without 
limitation in commonly-owned U.S. Provisional Application 
Ser. Nos. 60/456,767 and 60/456,517 (both filed Mar. 21, 
2003) (and incorporated by reference). Thus, one particular 
approach contemplates affixing a sensing element having a 

a bar code scanner. 
As the fluid property changes over time, analysis can be 

made and the response compared with those of the fresh fluid. 

65 exposed sensing surface to a platform, wherein a spaced 
relationship is created between the exposed sensing surface 
and the platform. A suitable protective layer may be applied to 
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cover the platfonn and/or the sensing element while main
taining an exposed sensing surface. The latter exposed sens
ing surface may be prepared by the use of a consumable 
protective layer (e.g., a polymer, starch, wax, salt or other 
dissolvable crystal, low melting point metal, a photoresist, or 
another sacrificial material) that is used to block the exposed 
sensing surface prior to applying the protective layer. 

A plurality of the same type or different types of resonators 
of resonators can be used in combination. For example, a low 
frequency resonator may be employed with a high frequency 
resonator. In this malmer, it may be possible to obtain a wider 
range of responses for a given sample. 

10 

The size of the sensing elements, especially mechanical 
resonator sensing elements such as flexural resonator sensing 
elements is not critical to the invention. In some applications, 15 

however, it should be appreciated that one advantage of the 
present invention is the ability to fabricate a very small sensor 
using the present resonators. For eXalllple, one preferred reso
nator has its largest dimension smaller thall about 2 cm. and 
more preferably smaller than about I cm. One resonator has 20 

length and width dimensions of about 3 mm by 8 mm, and 
possibly as small as about lll1ln by 2.51mn. Geometry of the 
resonator may be varied as desired also. For example, the 
aspect ratio of tines of the tuning forks, or geometrical factors 
of other resonators can be optimized in order to achieve better 25 

sensitivity to the properties of the gas phase, liquid phase or 
its particular components (e.g., a lubricant). For example. the 
aspect ratio of a tuning fork tine may range from about 30: 1 to 
about 1: 1. More specifically. it may range from about 15: 1 to 
about 2:1. 30 

It is thus seen that a preferred resonator is configured for 
movement of a body through a fluid. Thus, for eXalllple, as 
seen in FIG. 4B, the resonator may have a base and one or a 
plurality of tines projecting from the base. It is preferred in 
one aspect that any tine has at least one free tip that is capable 35 

of displacement in a fluid relative to the base. FIG. 4C illus
trates a cantilever 1220 having a base 1240 and a free tip 1260. 
Other possible structures, seen in FIGS. 4D and 4E contem
plate having a disk 1280, a plate 1300 or the like that is 
adapted so that one portion of it is displaceable relative to one 40 

or more variable or fixed locations 1320 (1320'). As seen in 
FIG. 4F, in yet another embodiment a resonator 1340 is con
templated in which a shear surface 1360 ofthe resonator has 
one or more projections 1380 of a suitable configuration, in 
order that the resonator may be operated in shear while still 45 

functioning consistent with the flexural or torsional resona
tors of the present invention, by passing the projections 
through a fluid. 

In still other embodiments, and referring to FIG. 4G, 4H 
and 41, it is contemplated that a resonator 2000 may include 50 

an elongated member 2020 supported on its sides 2040 by a 
pair of arms 2060. As shown respectively in FIGS. 4G 
through 41, the elongated member may be configured to oscil
late side-to-side. back and forth. in twisting motions or com
binations thereof. 55 

The flexural resonator. such as the embodiment of FIG. 4B, 
may be constructed as a monolithic device. Yet allother struc
ture of the present invention contemplates the employment of 
a laminate or other multi-layer body that employs dissimilar 
materials in each of at least a first layer and a second layer, or 60 

a lalllinate comprised of layers of piezoelectric material of 
different orientations or configurations. According to this 
approach. upon subjecting one or more of the layers to a 
stimulus such as temperature change, an electrical signal or 
other stimulus, one of the materials will respond differently 65 

from the other and the differences in responses will, in tum, 
result in the flexure of the resonator. In yet another embodi-

58 
ment, it is contemplated that plural resonators can be 
assembled together with an electrode at least partially sand
wiched therebetween. In this manner, it may be possible to 
further protect electrodes from harsh conditions, while still 
achieving the desired flexure. One specific eXalllple might 
include a two or more lithium niobate or quartz tuning forks 
joined together with a gold electrode therebetween. Other 
configurations (e.g., an H-shaped resonator) and material 
combinations may be employed as well, as disclosed in U.S. 
Provisional Application Ser. Nos. 60/456,767 and 60/456,517 
(both filed Mar. 21, 2003), incorporated by reference. 

As Call be seen, the selection of the specific resonator 
material, structure, or other characteristic commonly varies 
depending upon the specific intended application. Nonethe
less, it is preferred that for each application, the resonator is 
such that one or a combination of the following features (and 
in one highly preferred embodiment, a combination of all 
features) is present: a coating, if placed upon the resonator in 
a thickness greater than about 0.1 micron, will not substan
tially detract from resonance performance; the resonator is 
operable and is operated at a frequency of less than about 1 
MHz, and more preferably less than about 100 kHz; the 
resonator is substantially resistant to contalninants proximate 
to the sensor surface; the resonator operates to displace at 
least a portion of its body through a fluid; or the resonator 
responses are capable of de-convolution for measuring one or 
more individual properties of density, viscosity, viscosity/ 
density product, conductivity or dielectric constant. 

The resonator may be uncoated or coated or otherwise 
surface treated over some or all of its exterior surface. A 
preferred coating is a metal e e.g., a conductive metal similar 
to what may be employed for electrodes for the sensor, such 
as silver, gold, copper, aluminum or the like), plastic, ceramic 
or composite thereof, in which the coating material is sub
stantially resistant to degradation from the fluid to which it is 
to be exposed orto surface build-up, over a broad temperature 
range. For eXalnple, one preferred embodiment, contemplates 
the employment of a base resonator material and a perfor
mance-tuning material. Among the preferred characteristics 
of the resonators of the present invention is the base material 
is generally thennally stable. For eXalllple, in one preferred 
embodiment, the material exhibits a dielectric constant that is 
substantially constant over a temperature range of about 0° C. 
to about 100° C, more preferably about _20 0 C to about 1500 

C, and stillmore preferably about -400 C to a bout 2000 C 
For eXalllple. it is contemplated that a preferred material 
exhibits stability to a temperature of at least about 300° C, 
and more preferably at least about 4500 C. In another aspect, 
the dielectric constant of the performance-tuning material 
preferably is greater than that of quartz alone, such as by a 
factor of 5 or more, more preferably by a factor of 10 or more 
and stillmore preferably by a factor of 20 or more. 

FIG. SA illustrates a circuit diagraln 11220 for a tuning 
fork equivalent circuit 11222 and a read-out input impedance 
circuit 11224. The frequency generator is coupled to the 
tuning fork equivalent circuit 11222 to a parallel comlection 
of a capacitallCe Cp as well as a series connection of a capaci
tor Cs, a resistor Ro, an inductor Lo, and an equivalent imped
ance Ze co). The read-out impedance circuit includes a parallel 
resistor Rin and a capacitor Cin. The output voltage is thus 
represented as Vout. 

The equations shown in FIG. SB can define the equivalent 
circuit. In equation (2), the Vout of the equivalent circuit is 
defined. In equations (3) and (4), the impedance Zin and Ztf 
are derived. Equation (5) illustrates the resulting impedallce 
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over frequency Z( co). As can be appreciated. the voltage Vout, 
graphed verses the frequency Z( co), necessitates the detenni
nation of several variables. 

The variables are defined in equation (I) of FIG. 5B. In 
operation, the tuning fork's frequency response near the reso
nance is used to determine the variables that will define the 
characteristics of the fluid-under-test. The algorithm that will 
be used to determine the target fluid under-test characteristic 
parameters will require knowledge of data obtained during 
calibration of a tuning fork. In addition to access to calibra- 10 

tion data, the algorithm will also utilize a data fitting process 
to merge approximated variables ofthe target fluid under-test. 
to the actual variable characteristics (i.e., density, viscosity, 
dielectric constant) for the fluid under-test. 

In the circuit, it is assumed that Cs, Ro, Lo are equivalent 15 

characteristics of a preferred resonator in a vacuum, Cp is the 
equivalent parallel capacitance in a particular fluid under-test, 
p is the fluid density, 11 is fluid viscosity, OJ is oscillation 
frequency. Cp is a function of k. as shown in equations (6) 
through (10). The constant "k" is, in one embodiment, a 20 

ftmction of the tuning fork's geometry, and in one embodi
ment' defines the slope of a curve plotting (Cpmeasured, 
Cpcal, and Cpvaccum) verses (Emeasured, Ecal, and 
Evacuum), respectively. In a physical sense, the constant "k" 

60 
nance frequency range of the sensor. Preferably, the fre
quency is less than 100 kHz, and more preferably, is in the 
range of about 5 kHz and about 50 kHz, and most preferably, 
is in the range of about 20 kHz to about 35 kHz. 

The tuning fork response over the frequency range is then 
monitored to determine the physical and electrical properties 
of the fluid tmder-test. The response from the tuning fork 
11116 is provided to a signal conditioning circuitry block 
11132, by way of a connnunication line 11158. In one pre
ferred embodiment, the tuning fork 11116 will also include a 
capacitor 11316, which will be described in greater detail 
below. The capacitor 11316 is also coupled to the signal 
conditioning circuitry 11132. The signal conditioning cir
cuitry 11132 is provided to receive the analog fonn of the 
signal from the tuning fork 11116 and condition it so that 
more efficient signal processing may be perfonned before 
further processing. 

The signal conditioning circuitry 11132 will receive the 
analog output from the tuning fork 11116, and is designed to 
substantially eliminate or reduce signal offsets, thus increas
ing the dynamic range of the signal that is to be further 
processed. In this manner, further processing can concentrate 
on the signal itself as opposed to data associated with the 
signal offset. 

Signal detection circuitry (SDC) 11134 is also provided, 
and it is coupled to the signal conditioning circuitry 11132. 
Signal detection circuitry 11134 will include, in one embodi
ment' a root mean squared (RMS) to DC converter, that is 
designed to generate a DC output (i.e., amplitude only) equal 

is a function of the tuning fork's geometry, the geometry of 25 

the tuning fork's electrode geometry, the tlUling fork's pack
aging (e.g., holder) geometry, the material properties of the 
tuning fork, or a combination of any of the above factors. The 
resulting value of Cp will be used to detennine the dielectric 
constant E as shown by the equations. 30 to the RMS value of any input received from the signal con

ditioning circuitry 11132. The functional operation of a 
RMS-to-DC converter is well known to those skilled in the 
art. In another embodiment, the signal detection circuitry 

Further, it can be appreciated that that viscosity and density 
can be de-convoluted based on the equations defined in FIG. 
5C. For some sensors, the value of Cp measured is typically 
on the order of about I to 3 orders of magnitude greater than 
the value ofCs. Accordingly. in order to improve the ability to 35 

measure Z( co), desirably trinnning circuitry is employed as 
part of or in association with the signal conditioner, such as a 
trinlllling circuits. In order to more efficiently process the 
signal being received from the tuning fork, the signal 232 is 
signal conditioned to eliminate or reduce the signal offset and 40 

thus, increase the dynamic range of the signal produced by the 
tuning fork. Thus, the data being analyzed can be more accu
rately processed. 

FIGS. 6A through 6C and 7A through 7D represent one set 
of preferred approaches and embodiments for realizing a 45 

signal processing circuitry for a flexural resonator sensor. In 
particular, the described approaches and embodiments are 
considered in the context of an interfaced sensor applied with 
a fluid system within an engine, and in particular, in combi
nation with an control unit (CU), which directs overall control 50 

of multiple aspects of engine operation. This should be under
stood as being an example demonstrating an application and 
manner of realizing the present inventions, and should not be 
limiting on the inventions described herein. 

FIG. 6A illustrates a block diagram of the circuit formed, 55 

for example, in an application specific integrated circuit 
(ASIC) 11118 and its components, as an example of a signal 
processing circuit. The ASIC 11118 is designed to provide 
stimulus to the tuning fork 116 and receive and process data 
to provide information regarding the characteristics of a fluid 60 

under-test. In one embodiment. the ASIC will include a fre-

11134 may be provided in the fonn of a synchronous detector. 
As is well known, synchronous detectors are designed to 
identify a signal's phase and amplitude when preprocessing 
of an analog signal is desired in order to convert the analog 
signal into digital fonn. Once the signal detection circuitry 
block 11134 processes the signal received from the signal 
conditioning circuitry 11132, the signal detection circuitry 
11134 will pass the data to an analog-to-digital converter 
(ADC) 11136. The analog-to-digital converter 11136 will 
preferably operate at a sampling rate of up to 10kHz while 
using a 1O-bit resolution. The analog-to-digital converter 
(ADC) can, of course, take on any sampling rate and provide 
any bit resolution desired so long as the data received from the 
signal detection circuitry is processed into digital form. 

The ADC 11136 will also receive information from the 
temperature sensor 11117 to make adjustments to the conver
sion from the analog fonn to the digital fonn in view of the 
actual temperature in the fluid under-test 11114. In an alter-
native embodiment, the temperature sensor 11117 can be 
omitted, however, the temperature sensor 11117 will assist in 
providing data that will expedite the processing by the ASIC 
11118. 

The digital signal provided by the analog-to-digital con
verter 11136 is then forwarded to a digital processor 11138. 
The digital processor 11138 is coupled to memory storage 
11140 by way of a data bus 11150 and a logic bus 11152. 
Logic bus 11152 is also shown connected to each of the 
frequency generator 11130, the signal conditioning circuitry 
11132, the signal detection circuitry 11134, and the analog
to-digital converter 11136. A digital logic control 11142 is 
directly coupled to the logic bus 11152. The digital logic 

quency generator 11130 that is configured to provide a fre
quency stimulus to the tuning fork 11116 by way of connnu
nication line 11156. The generated frequency is preferably a 
variable frequency input signal, such as a sinusoidal wave or 
square wave, that sweeps over a predetennined frequency 
range. The sweeping range will preferably include the reso-

65 control 11142 will thus connllUnicate with each of the blocks 
oftheASIC 11118 to synchronize when operation should take 
place by each one of the blocks. Returning to the digital 
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processor 11138, the digital processor 11138 will receive the 
sensed data from the tuning fork 11116 in digital foml, and 
then apply an algorithm to identifY characteristics of the fluid 
under-test 11114. 

The algorithm is designed to quickly identify variables that 
are lUlknown in the fluid undertest. The unknown variables 
may include, for example, density, viscosity, the dielectric 
constant, and other variables (if needed, and depending on the 
fluid). Further, depending on the fluid undertest 11114 being 
examined, the memory storage 11140 will have a database of 
known variables for specific calibrated tuning forks. In one 
embodiment, the memory storage 11140 may also hold vari
ables for approximation of variables associated with partiCll-

62 
ASIC 11118. If the processor 11138 is outside of the ASIC, 
the processor is still in commlmication with the control unit 
11121. 

FIG. 6B illustrates an example in which the digital proces
sor 11138 is outside of the ASIC 11118. In such an embodi
ment, the digital processor 11138 may be integrated into a 
printed circuit board that is alongside of the ASIC 11118, or 
on a separate printed circuit board. In either case, the ASIC 
11118 is in commtmication with the tuning fork 11116 to 

10 provide stimulus and to process the received analog signals 
from the tuning fork 11116. The ASIC receives the analog 
signals coming from the tuning fork 11116 and converts them 
to a digital form before being passed to the digital processor 
11138. lar fluids. In another embodiment, the memory storage 11140 

will store serial numbers (or some type of identifier) to allow 15 

particular sets of data to be associated with particular tuning 
forks. In such a serial number configuration, the storage 
memory can hold unique data sets for a multitude of unique 
tuning forks. When a tuning fork is sold, for example, the 
purchaser need only input its assigned serial number into an 20 

interface, and the data set associated for that ttming fork will 

If the digital processor 138 is outside of the ASIC 11118, 
the digital processor 11138 is still able to comnllmicate with 
the control unit 11121 of the local machine or process elec
tronics 11120. The control unit 11121 cOllllllunicates with the 
local machine or process/user interface 11122. In this 
example, the user interface may include a user display 
11122b. The user display 11122b may include analog and 

be used during operation. From time to time, it may be nec
essary to upload additional data sets to the storage memory 
11140, as new tuning forks (with unique serial numbers) are 
manufactured. 

The process for using variable data from prior calibrations 
and from fluids that may closely resemble the fluid undertest, 
is described in greater detail below. In general, however, the 
digital processor 11138 may quickly access the data from the 
memory storage 11140, and digitally process an algorithm 
that will generate and output variables that define the fluid 
under-test 11114. 

The digital processor then cOl11ll1unicates through the digi-

digital indicators 11122d. The analog and digital indicators 
11122d may indicate the qualities of the fluid under-test and 
can be displayed in terms of a gauge reading to indicate to the 

25 user when the fluid under-test has degraded or needs to be 
changed, or where a control variable needs to be adjusted to 
bring a target variable back to a control set point or adjusted 
set point. 

In another embodiment, the user display 11122b may 
30 include a digital display 11122c (e.g., monitor) that may 

provide a digital output or display of the condition of the fluid 
under test to the user through an appropriate graphical user 
interface (GUI). The user interface 11122 may also include a 

tal logic control 11142 and communication line 11154, the 
identified variables that characterize the fluid undertest 11114 35 

user input 11122a. The user input 11112a may be an elec
tronic interface that allows a service technician, for example, 

to the local machine (or process monitoring and/or control) to provide updated calibration infonnation for a tuning fork 
electronics 11120 (or some recipient computer, either locally that is inserted in a particular system, or provide adjusted 
or over a network). In one embodiment, the local machine or approximations for new fluids that may be used in cOlmection 
process electronics 11120 includes a control unit (CU) 11121, with a particular system. 
that directly receives the data from the digital logic control 40 By way of the user input 11122a, a service technician or 
11142 through signal 11154. The control unit 11121 then process operator may input new data to the ASIC 11118 
receives those data and, in accordance with its programmed through the control unit 11121. As mentioned above, the 
routines, provides feedback to the local machine or process/ ASIC 11118 includes a memory storage 11140 for storing 
user interface 11122. calibration data, and in some embodiments, storing approxi-

For example. the control unit 11121, may set a different 45 mated characteristics for fluids that may undergo sensing by 
threshold for when the fluid undertest 11114 has degraded or tuning fork 11116. 
otherwise changed. For example, different processes, and FIG. 6C illustrates another detailed block diagram of the 
therefore, different control units for each process, may define ASIC 11118, in accordance with certain embodiments ofthe 
a particular viscosity. density and dielectric constant (or one present invention. In this example, the ASIC 11118 shows a 
or a combination thereof) that may be indicative ofthe system 50 nUlllber of blocks that may be integrated into or kept out of, 
under study. However, this programmable threshold level the ASIC 11118. Blocks that may be kept outside oftheASIC 
setting ordinarily differs among different processes and/or include blocks 11175.As a high level diagram, thetlUling fork 
different process plants. Thus, the control unit 11121 pro- 11116 is connected to an analog I/O 11160. The analog I/O is 
vides to the local machine or process/user interface 11122 the representative of blocks 11132, 11134, and 11136, in FIG. 6A 
appropriate signals depending on the programming of the 55 above. The analog I/O block 11160 therefore performs signal 
particular process/plant in which the control unit 11121 is conditioning and conversion of the data received from the 
resident. tuning fork 11116. 

The ASIC 11118 has been shown to include a nunlber of Frequency generator 11130, as discussed above, provides 
component blocks, however, it should be understood that not the variable frequency input signal to the tlUling fork 11116 
all components need be included in the ASIC as is discussed 60 through the analog I/O 160. Glue logic 11162 is provided to 
below. In this example. the digital processor 11138 may be integrate together the various circuit blocks that reside on the 
physically outside of the ASIC 11118, and represented in ASIC 11118. As is well known, glue logic includes signaling 
terms ofa general processor. If the digital processor 11138 is lines. interfacing signals, timing signals, and any other cir-
located outside of the ASIC 11118, the digital logic control cuitry that is needed to provide inputs and outputs to and from 
142 takes the foml of glue logic that is able to connllllllicate 65 the chip that defines the ASIC 11118. All such glue logic is 
between the digital processor 11138 that is located outside of standard and is well known in the art. TheASIC 11118 further 
the ASIC 11118, and the remaining components within the includes user defined data (ROM) 11140. As mentioned 
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above, the user-defined data 11140 may include calibration 
data, as well as approximated variable data for particular 
fluids that may become fluids undertest. The user defined data 
to be stored in this memory can come from any source. For 
example, the data may be obtained from a fluid manufacturer, 
a tlUling fork manufacturer, a contractor party, etc. Still fur
ther, the data may be obtained in the form of a data stream, a 
database or over a network. 

For example, FIGS. 6D and 6E provide exemplary data that 
may be stored within the user-defined data 11140'. As shown 10 

in FIG. 6D, a tuning fork 1.1 (designated as such to emphasize 
varieties in tuning forks) may provide calibration variables, as 
well as approximated fluid characteristics for a particular type 

64 
Such data can also be subsequently further processed for 
further subsequent uses (i.e., downstream) for various pur
poses. Such downstream processing of the data or data stream 
(represented for example by a signal or signal stream), typi
cally but not necessarily in counection with other data from 
other independent sources, can be effectively applied to gen
erate higher level information or knowledge based on the 
directly generated data, for example for purposes such as one 
or more of: process monitoring, process control (e.g., involv
ing automated or manual control schemes, such as feedback 
or feed forward control schemes), fluid maintenance (e.g., 
fluid replacement (whole or partial), fluid enhancement (e.g., 
adding one more additives or removing one or more contami
nants), fluid operating conditions (e.g., temperature, pressure, 
f1owrate, etc.), predictive maintenance, materials or process 
research, materials or process development, quality control, 
fluid analysis, and especially maintenance or service applica
tions involving any of the foregoing, among others. 

Based on the descriptions set out hereinabove, it may be 
seen that mechanical resonators, and especially flexural reso
nators, may be used in the monitoring and control of indus
trial manufacturing and refining processes. It has been found 
that the resonators have lllrther and highly advantageous 
applications in the evaluation and design of such processes, 

of fluid. In the example of FIG. 6D, the selected fluid type 3 
has approximated fluid characteristics for density, viscosity, 15 

and dielectric constant for a particular temperature, which is 
depicted in this figure to be 25° C. As used herein, the term 
"approximated fluid characteristics" represent starting point 
values of fluid characteristics before the fitting algorithm is 
started. Thus, the starting point values are initial values 20 

defined from experience, previous tests, or educated guesses. 
Consequently, the starting point values, in one embodiment, 
approximate the actual fluid characteristic values of the fluid 
undertest. In this mauner, convergence to the actual fluid 
characteristics can be expedited. 25 for example in the evaluation of the kinetics of a chemical or 

biological reaction. As in the case of a manufacturing process, 
the resonator is contacted with a fluid representative of the 
reaction, e.g., a fluid reaction medium in which the reaction is 
or has been conducted, a fluid comprising a source of a 

In still another embodiment it may be possible to start with 
the approximated fluid characteristics at some set of fixed 
values (which can be zero, for example). From each fixed 
value, the fitting algorithm can move the value until the actual 
fluid characteristic value is ascertained. 

Continuing with the example, the approximated fluid char
acteristics for the same fluid type 3 may have different 
approximated fluid characteristics due to the rise in tempera
ture to 40° c., as shown in FIG. 6E. The calibration variables 
are also updated to reflect the values for a particular tempera
ture for the tlUling fork 1.1. As new fluids types are used in 
counection with a fluidic system, it may be necessary to 
update the approximated fluid characteristics for the different 
temperature ranges so that the user-defined data can be 
updated in the ASIC 11118. 

Referring back to FIG. 6C, a digital I/O 11140' is provided 

30 reactant for the reaction, a fluid comprising a catalyst or 
source of catalyst (e.g., a heterogeneous catalyst or homoge
neous catalyst such as a phase transfer catalyst) for the reac
tion, a fluid comprising a product of the reaction, a fluid 
comprising a by-product of the reaction, a fluid that is sepa-

35 rated from a fluid reaction medium during or after the reac
tion. Where the reaction is conducted in a liquid medinm, the 
fluid with which the sensor is contacted may be, e.g., the 
liquid medium, a solution comprising a reactant and/or prod
uct of the reaction in the reaction medium, a dispersion com-

40 prising a reactant and/or a product of the reaction dispersed in 
the reaction medium, another liquid phase comprising a 
source of a reactant, a sink for removal of a reaction product, 
or a source of a phase transfer catalyst, a vapor phase evapo
rated from the liquid medium, another liquid phase resulting 

to interface with a computer 11123, and a test I/O interface 
11164 is provided to enable testing of the ASIC 11118 during 
design simulation, during test bench testing, during pre-mar
ket release, and during field operation. The ASIC 11118 also 
includes a timer 11172 to provide coherent operation of the 
logic blocks contained inASIC 11118. As mentioned above, 
the ROM block 11166, the RAM block 11168, the CPU core 
11170, and the clock 11174, can optionally be included in the 
ASIC 11118 or removed and integrated outside of the ASIC 50 

11118. The ROM 11166 includes progranmling instructions 
for circuit interfaces and functionality of the ASIC 11118, the 
RAM 11168 provides the CPU core 11170 with memory 
space to read and write data being processed by the CPU core 
11170, and the clock 11174 provides the ASIC with proper 55 

signal alignment for the various signals being processed by 
the blocks of the ASIC 11118. 

45 from a phase separation occurring during the course of the 
reaction, and a dispersion comprising another liquid phase. 
The sensor is stimulated while in contact with the fluid to be 
monitored, and the response of the resonator is monitored. 
Based on data thereby obtained, a kinetic parameter of the 
reaction may be derived. For example, the conversion of a 
reactant and/or the formation of a product and/or by-product 
may be monitored based on a change in the value of the 
density, viscosity, kinematic viscosity, or dielectric constant 
of said fluid. Thus, the rate constant for the reaction may be 
determined by the rate of change in the density, dielectric 
constant or viscosity. Based on either theoretical or empirical 
relationships, the composition ofthe reaction mass may be a 
known function of its viscosity, density, kinematic viscosity 
or dielectric constant either linear or non-linear. Based on the 

FIGS. 7A through 7D depict alternative configurations for 
various circuit modules of the ASIC 11118. 

Downstream Data Processing 
The methods and systems and apparatus of the invention 

can be used as described herein to monitor fluids in fluid 
systems to generate data associated with one or more prop
erties of the fluids. The data generated can be used directly, for 
exanlple, as described herein for status evaluation, fluid prop
erty logging, fluid property tracking, etc., among other uses. 

60 response of a mechanical resonator that is calibrated with 
such established relationships, in a reaction mass of known 
initial composition, the concentration ofa reactant, product or 
by-product may be uniquely detennined in real time from a 
material balance for the reaction, without the need for either 

65 on-line or off-line chemical analyses of samples. From the 
change in such concentrations as a function oftime, e.g., from 
the rate of disappearance of a reactant or the rate of fornlation 
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of a product or by-product, the instantaneous reaction rate 
may be determined at any time during the reaction. Based on 
the shape of the curve, the order of the reaction and kinetic 
rate constant can be detennined. 

To estimate the order of reaction, the reaction rate may be 
separately detenllined at two or more separate concentrations 
of the specified reactant in the fluid reaction medium. As 
described in Examples 8 to 10 hereinbelow, the order of the 
reaction may then be determined by a comparison of the 
determined reaction rates at the respective concentrations. 10 

For example, a logarithm of the rate of the reaction may be 
plotted vs. the corresponding logaritlml of the concentration 
of the specified reactant; and the order of the reaction deter
mined from slope of the plot so obtained. For such purposes 
it is preferred that the concentration(s) of other reactant(s) be 15 

substantially similar at the separate concentrations of the 
specified reactant at which the reaction rate is determined. 

Once the order of the reaction is known, the kinetic rate 
constant may be estimated from the reaction rate equation: 

66 
obtained using a computer cOlmected to a cOllllllunication 
board associated with the tuning fork resonator. 

Once boiling visibly started, a heating mantle around the 
flask was set at constant power to maintain a constant distil
lation rate, and the syringe pump of n-heptane was set at a 
constant feed rate such that the volume in the distillation flask 
remained constant. Density, dielectric constant and viscosity 
were monitored by the mechanical resonator sensor compris-
ing the tuning fork resonator, and these data were updated 
every 30 seconds. The distillation was stopped after 250 mL 
(i.e., 2.5 batch volumes) of heptane had been added. 

The monitored data for density are shown in FIG. 8 (blue 
data, as illustrated). The monitored data agreed well with 
expected data values, based on a computer simulation 
ASPEN/METLAB), also shown superimposed in FIG. 8 (red 
data, as illustrated). The data near the end-point is also shown, 
on a larger scale, in the insert plot of FIG. 8. 

Samples for gas chromatograph (GC) analysis were 

for the reaction: 

20 removed at discrete intervals during the distillation experi
ment (for comparison purposes). These data are shown below, 
in Table 1-1. These data show that after 2.0 batch volumes of 
heptane had been added, about 0.1 % by weight residual ethyl 
acetate was present in the flask, and that 2.5 batch volumes of 

where: 
instantaneous concentration of reactant A 

cB=the instantaneous concentration of reactant B 

25 heptane had been added, the GC revealed non-detectable 
residual ethyl acetate. 

a=the order of the reaction with respect to A 
b=the order of the reaction with respect to B 
t=time 

The monitored density data (FIG. 8A) corresponds with the 
GC data, as indicated by the relatively constant density profile 
measured after around 2.0 batch volumes of heptane had been 

30 added. 

k=the reaction rate constant 
Using this relationship, the determination of the rate con

stant may be based on the instantaneous rate at any given 
concentration of a reactant whose rate of disappearance is 35 

monitored, again applying the reaction material balance to 
determine the instantaneous concentrations of other reactants 
which appear as tenns in the equation. 

EXAMPLES 

Experiments employing the methods and systems of the 
invention were performed for demonstrating use of mechani
cal resonator sensors in separation operations involving dis-

40 

tillation and other unit operation. 45 

TABLE 1-1 

Representative GC Results for Residual Ethyl Acetate 

Batch Volumes Heptane Added 

1.5 
1.75 
2 
2.25 
2.5 

Example 2 

7.26 
1.17 
0.1 
0.03 
ND 

Example 1 

This example demonstrates the applicability of the meth
ods and systems of the invention to a solvent switching opera
tion. In the experimental set-up for this example, a mechani
cal resonator sensor was used, with a sensing surface of the 
mechanical resonator positioned in a process vessel. 

This example also demonstrates the applicability of the 
methods and systems of the invention to a solvent switching 
operation. The experimental set-up for tlus example used a 

50 mechatucal resonator sensor, and simulated placement of the 
mechatucal resonator downstream of a condenser, such as in 
a condenser discharge line, of a distillation system. 

In this example, a solvent switch from THF to ethyl acetate 
was simulated by considering the suitability for measuring 
small amounts of THF in ethyl acetate (thereby effectively 
simulating residual atllounts of THF that would be present 
near the end-point of the solvent switch). Specifically, -20 ml 
ethyl acetate was provided in a scintillation vials. Different 
amounts ofTHF (0-5 wt %) were dissolved into the -20 mL 

In this example, neat ethyl acetate was switched over to 
neat n-heptane using a constant-volume distillation operation 55 

in a batch process vessel. Briefly, 100 mL of ethyl acetate was 
charged to a 250 mL round bottom 4-neck flask, equipped 
with a magnetic stirrer. A condenser and distillate receiver 
were counected in series to one neck of the flask. A themlO
couple was placed into the flask via a separate second neck. A 
syringe pump, for continuous feed of n-heptane to the flask, 
was counected to the flask via a coring needle and septum 
through a third neck of the flask. Finally, a mechanical reso
nator sensor comprising a calibrated quartz tuning fork reso
nator was placed into the flask via the final neck, such that a 
sensing surface of the tuning fork resonator contacted the 
fluid (initially, neat ethyl acetate). Data acquisition was 

60 of ethyl acetate by shaking the scintillation vials. The vials 
were configured with a mechanical resonator sensor compris
ing a calibrated quartz tuning fork resonator, such that a 
sensing surface of the tuning fork resonator contacted the 
fluid. Data acquisition was obtained using a computer con-

65 nected to a COllllllluucation board associated with the tmung 
fork resonator. The mechanical resonator sensor having the 
quartz tuning fork resonator was used to measure the density, 
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viscosity and dielectric constant of each of the resulting solu
tion mixtures at ambient temperature and pressure condi
tions. 

68 
mechanical resonator sensors can be suitably used in the 
methods and systems of the invention as applied toward sol
ute concentration operations. 

Example 5 

a-Phellandrene (34.1 g) was added to maleic anhydride 
(24.5 g) in a 250 ml multi-neck round bottom flask fitted with 

The monitored data for density are shown in FIG. 9. These 
data show discernable differences in density at low residual 
amounts ofTHF, and thereby demonstrate that the mechani
cal resonator sensors can be suitably used in the methods and 
systems ofthe invention as applied toward solvent switching 
from THF to ethyl acetate. 

Example 3 

This example demonstrates the applicability of the meth
ods and systems of the invention to a solvent switching opera
tion involving a solution, in which the solute precipitates out 

10 a reflux condenser. Ether (130 ml) was added to the flask and 
the resultant mixture was stirred with a magnetic stir bar. A 
tuning fork resonator was placed into the liquid medium 
through a rubber septum in a ground glass joint of the flask. 
Using a heating mantle and a temperature controller the mix-

15 
ture was then heated with stirring to 35° C. and reaction 
allowed to proceed for at least 3 hours, during which the 
response of the tuning fork was measured using an acquisition 
time ono seconds. A Diels-Alder adduct was formed which 

of solution as a result of the solvent switch. This example also 
demonstrates the suitability ofthe methods and systems of the 
invention for monitoring a precipitation reaction. 20 did not precipitate during the course of the reaction: 

In this example, the methods and set-up was the same as in 
Example 1, exceptthat-20 gofsalicylic acid acetate (aspirin) 
was provided to the process vessel to form a solution of the 
salicylic acid acetate in the 100 ml ethyl acetate. The solution 25 

comprising ethyl acetate solvent was then switched over to a 
solution comprising n-heptane using a constant-volume dis
tillation operation in a batch process vessel, substantially as 
described in comlection with Example 1. The salicylic acid 
acetate precipitated out of solution after adding about 6.5 30 

batch volumes of heptane. 

The monitored data for density (blue data) and dielectric 
(red data) are shown in FIG. 10. The density data clearly 
shows the precipitation event, as reflected by the sudden 35 

decrease in solution density that occurred after about 6.5 
batch volumes of heptane had been added. The dielectric data 
also shows discernable differences in dielectric constant 
throughout the experiment. 

40 

Example 4 

alpha-phellandrene Maleic Anhydride 

o 

Diels-Alder Adduct 

Set forth in FIGS. 13 to 15, respectively, are the dielectric 
response, viscosity response and density response of the reso-

This example demonstrates the applicability of the meth
ods and systems of the invention to a solute concentration 
operation. The experimental set-up for this example used a 
mechanical resonator sensor, and simulated placement of the 
mechanical resonator in a process vessel during a concentra
tion operation. 

45 nator as a function of time during the reaction. Temperature 
control during the reaction was relatively lmeven (±5° C.), 
and this may be seen to have created fluctuations in the 
responses. The upper curve of FIG. 15 reflects an adjustment 

For this experiment, solutions comprising different known 
concentrations of salicylic acid acetate (aspirin) in ethyl 
acetate solvent were formed, by heating in a round bottom 
flask. The solutions with different concentrations of solute 
simulated a solution during different times of a distillation 
operation. The density, viscosity and dielectric constant were 
measured for each solution at 60° C. (+/ -O.5C) using a 
mechanical resonator sensor comprising a quartz tuning fork 
resonator. A sensing surface of the tuning fork resonator 
contacted the fluid. Data acquisition was obtained using a 

50 of the raw data by a temperature correction factor based on the 
temperature dependence of the density of the ether reaction 
medimn. Similar correction could be applied to the raw data 
of FIGS. 13 and 14 for dielectric constant and viscosity, if 
reaction medium dependence on temperature for these prop-

55 erties was previously determined. 

60 
computer cOlmected to a conununication board associated 
with the tuning fork resonator. 

The monitored density data are shown in FIG. 11. These 
data show readily-detectable differences in density over a 
broad concentration range of solute. The data at low solute 65 

concentrations is also shown, on a larger scale, in the insert 
plot of FIG. 11. As such, this data demonstrates that the 

Example 6 

Maleic anhydride and 1 ,4-dioxane were introduced into a 
round bottom flask that was sealed with a septum but vented 
via a needle which pierced the septum. Furan was added to the 
maleic anhydride solution with continuous stirring. Initial 
concentrations of maleic anhydride and fiJran are set forth for 
"Experiment 1" in Table 2. After approximately 5 hours, a 
Diels-Alder adduct product precipitated from the liquid reac
tion medium. 
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JJ~O 0 0 

Furan 0 

Maleic Anhydride 
0 

o 
Diels-Alder Adduct 

TIle response of a tuning fork in contact with the reaction 
medium was measured over a period of 24 hours using an 
acquisition time of 30 seconds. Set forth in FIGS. 16-18, 
respectively, are the viscosity response, density response, and 
dielectric constant response as measured using the tuning 
fork during the course of the reaction. Deposition of adduct 
on the tuning fork likely changed calibration parameters sig
nificantly. However, reasonable values for the dielectric 
response continued to be measured even after the step change 
that resulted from precipitation. Set forth in FIGS. 19-21 are 
data plots showing the density, viscosity and dielectric 
responses, respectively, for the period prior to precipitation. 

70 

TABLE 3 

Initial Rate of Calculated Initial 
Experiment Initial Density Change of Density Rate of Reaction 

Number Reading (gm/cc/hr) (lIhr) 

1.0800 0.0145 0.01023 
1.0531 0.0067 0.00497 
1.0962 0.0052 0.00356 

4 1.0619 0.0019 0.00139 

It may be seen that reactions were run within two separate 
relatively narrow ranges of initial maleic anhydride concen
tration, i.e., Experiments 1 and 3 were run in a "constant" 

15 initial range of approximately 220-240 mg/g while Experi
ments 2 and 4 were nm in a "constant" initial range of 
approximately 120-135 mg/g. By varying the initial furan 
content relatively widely within each narrow range of initial 
maleic anhydride concentration, the varying initial reaction 

20 rates may be detennined at each maleic concentration level. 
Thus, by plotting the log of the initial reaction rate against the 
log of the initial furan content, a relationship may be derived, 
the slope of which reflects the approximate order of the reac
tion with respect to luran. Such plots, as illustrated in FIG. 23, 

25 indicate that the reaction is essentially second order with 
respect to furan. 

As shown in FIG. 24, a similar relationship can be plotted 
for the log of the reaction rate vs. the log of the initial maleic 
anhydride concentration. In this case, since the order of the 

30 reaction with respect to furan has been determined, a single 
curve can be plotted by taking the contribution of the luran 
concentration to the reaction rate into account. Based on the 
reaction rate equations set forth above, where b=2: Assuming that the rate of formation of adduct and the rates 

of consumption of maleic anhydride and furan are the same, 
and additivity of volume, the rate of reaction may be 

35 
expressed per equation (1) of FIG. 22, and the rate of density 

-dc/dt=kcA aCBb 

where: 
instantaneous concentration of maleic anhydride 

c B=the instantaneous concentration of furan 
change may be related to the rate of reaction as shown in 
equations (2) and (3) of FIG. 22, where: 

p=the density of the reaction mass at time t 

po=the initial density ofthe reaction mass 

PMA=the density of maleic anhydride at the reaction tem
perature 

Om m=me density offuran at the reaction temperature 

40 

a=the order of the reaction re maleic atlhydride 
b=order of reaction re furan=2 
-dc/dt =the rate of the reaction=-dcA!dt=_dCB!dt 
and thus: 
log[ -dc/dt]=a[log(c Al]+2[log(cBl] 
a[log( cA)]=log[ -dc/dt]-2[log(c8 )] 

V=the Volume of the condensed phase reaction mixture at 45 This relationship is plotted in FIG. 24, with the slope "a" 
reflecting the order of reaction with respect to maleic anhy
dride, which may be seen to be roughly second order as well. 

time t 

Several additional reactions of maleic anhydride and furan 
were conducted under the conditions generally described 
above, except that the initial concentrations of maleic atlhy
dride and furan were varied. Each reaction was monitored 
with the tuning fork in the manner described above. Set forth 
in Table 2 are the initial conditions for each run; and set forth 

FIGS. 18 and 25 reflect a discontinuity (step change) in the 
dielectric response at the point at which precipitation com-

50 mences, possibly reflecting relatively massive nucleation 
from the dioxane medium which had become supersaturated 
with the adduct reaction product. The decay curve generated 
after the discontinuity is believed to reflect crystal growth 
after the initial precipitation. 

in Table 3 are the initial density readings for each run, the 
initial rate of change of the density with time for each run, and 
the initial rate of reaction as calculated using equations (1) to 55 

(3) above. 

Comparing FIGS. 13 to 15 vs. FIGS. 16 to 18 (and 25), the 
relatively smooth curves for all three parameters, i.e., density, 
viscosity and dielectric constant, in Example 5 appear to be 
consistent with the absence of precipitation, which was, in 
fact, not observed in the reaction of a-phellandrene with 
maleic atlhydride at the stated concentrations in the ether 
medium. By comparison, the profiles of FIGS. 16-18 are 
qualitatively similar to those of FIGS. 13-15 for the Exatllple 
6 reaction period prior to precipitation, while the dielectric 
constant step change may be a measure of supersaturation 
release, and the dielectric constant profile after precipitation 
may be indicative of crystal growth and useful in monitoring 

TABLE 2 

Initial Maleic Anhydride Initial Furan 60 
Experiment Number Concentration (mg/g) Concentration (mg/g) 

220 153 
123 171 

3 238 83 
4 135 94 65 

the progress of crystallization. 
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TIlliS the tuning fork sensor's ability to simnltaneously 
monitor density, dielectric constant and viscosity provides 
mUltiparametric data from the reactions that indicates its 
value in monitoring and characterizing reactions. 

Example 7 

72 
Example 9 

The solids drying operation of Example 8 was repeated 
except that signal to noise ratio was increased by increasing 
the DAQ time from 2 min/sweep to 4 min/sweep. The plot of 
vapor density vs. time for this operation is shown in FIG. 29. 

In accordance with the experimental procedure for this 
example, sodium bicarbonate is shaken with a desired test 
solvent to form a slurry in a Wheaton bottle. The solids are 
separated by vacuum filtration of the slurry through a 
medium-porosity glass frit. The wet solids (-150 g) are 
charged to a 250 ml single-neck round bottom flask. The flask 

Examples 8 and 9 demonstrate the utility of a tlming fork 
resonator for distinguishing between saturated vapor and dry 
vapor conditions during operation of a drying process for 

10 removal of a solvent such as isopropyl acetate from solids 
such as sodium bicarbonate. 

is then fitted to a modified "Rotovap" setup as reflected sche
matically in FIG. 26 but further comprising a condenser (not 

15 
shown) for solvent vapor removed from the wet solids. A 
quartz tuning fork is placed in the glassware conduit upstream 
ofthe condenser via a vacuum feed-through. The flask is then 
rotated at 30 rpm in a temperature controlled water bath while 
a vacuum controller maintains the pressure within the flask 

20 
within ±1 % of the set point. The tuning fork response is 
transmitted to a network analyzer. 

FIG. 27 illustrates the density response during a vacuum 
drying cycle for sodium carbonate solids wetted with isopro
pyl acetate, in which the temperature of the wet solids was 

25 maintained at about 20° C. and the dryer was evacuated to an 
absolute pressure of 100 torr for the first 150 minutes, then 
reduced to 50 torr for approximately another 125 minutes. As 
expected, the density response varied with the absolute pres
sure. A decent signal to noise ratio was observed, even at the 

30 
lower pressure of 50 torr. After a spike in density immediately 
upon reduction of the absolute pressure from 100 torr to 50 
torr, the density substantially stabilized at a level somewhat 
higher than the steady state density at 100 torr. After about 
180 minutes, the solvent was substantially exhausted and a 

35 
significant drop in density was observed reflecting an increase 
in the fraction of the relatively low density non-condensables 
flowing past the tuning fork after substantial exhaustion ofthe 
relatively high density isopropyl acetate. 

In this example, identification of the end point is quite 
definitive. 40 

Example 8 

Example 10 

The solids drying operation of Example 8 was repeated 
except that the sodium bicarbonate was wetted with a bi
component solvent system comprising both isopropyl acetate 
and water. Results ofthis operation are illustrated in FIG. 30. 
It may been seen that the results in this case are significantly 
noisier than a system in which the solvent is isopropyl acetate 
alone. The less definitive density response can be attributed to 
the fact that the molecular weight of isopropyl acetate is 60.1 
while the molecnlar weight of water is 18, thus bracketing the 
molecular weight of air which is 28.8. 

Based on the disclosure herein. those skilled in the art may 
readily devise data reduction software effective to improve 
the resolving power of the tuning fork sensing method for 
solvents similar to air. However, resolution is generally better 
for relatively heavy solvents, having molecular weights sub
stantially higher than air, than for lighter organic solvents or 
water. Signal to noise ratio can be enhanced if the background 
non-condensable gas is selected as having a molecular weight 
that is as far different from the molecular weight ofthe solvent 
as may be practical. For example, He enhances signal to noise 
where a heavy solvent is involved, while Ar may be preferred 
for lighter solvents. 

Example 11 

The applicability of a tuning fork resonator for monitoring 
a solvent switch operation was demonstrated by preparing 
specimens of binary and ternary solvent mixtures in relative 
proportions that would typically prevail in the course of sol-

Sodium bicarbonate wetted with isopropyl acetate was vent switch, specifically downstream of a condenser in fluid 
prepared and dried, and the density of the vapor stream exit- 45 communication with the still pot. Each of three separate sys-
ing the drying chamber was monitored, in a manner substan- tems was exemplified with a series of samples at varying 
tially as described in Example 7, except that the pressure was concentrations, i.e.: ethyl acetate/n-heptane (binary system; 
maintained at about 50 torr substantially throughout the dry- density range 0.902 to 0.684) reflective of the course of a 
ing cycle. As illustrated in FIG. 28, samples of the wetcake solvent switch in which ethyl acetate is replaced by n-hep-
were taken at three times during the drying, once after about 50 tane; tetrahydrof'i.Jran(THF)lethyl acetate (binary system; 
32 minutes drying time during the period in which the mea- density range 0.8892 to 0.902) reflecting the course of a 
sured density plateaued at a value on the order of about solvent switch operation in which THF is replaced by ethyl 
1.2xlO-5 glee, once after about 74 minutes of drying time acetate; and THF/ethyl acetate/n-heptane (ternary system) 
which was several minutes after a sharp drop in density to reflective of the course of a solvent switch operation in which 
about 5xl 0-6 glee, and finally after about 142 minutes during 55 THF and ethyl acetate are replaced by n-heptane. To prepare 
a terminal period in which the density had plateaued at each of the samples, neat solvents were weighed into scintil-
approximately 4xlO-6 glee. As further indicated in FIG. 28, lation vials to produce the various mixtures of varying con-
the loss-on-drying ("LOD") ofthe 32 minute sanlple was 1.3 centration, each with O.lmg precision. 
wt. %, the LOD ofthe 74 minute sample was 0.18 wt. %, and A tuning fork resonator was illUllersed in each open scin-
the LOD of the 142 minute sample was 0.15 wt. %. Thus, 60 tillation vial without temperature control. Using the tuning 
there is a strong correlation between the decline in density of fork resonator, four repeat measurements of density were 
the off vapor stream (and thus the isopropyl acetate content made for each sample mixture (30 second acquisition time for 
thereof) vs. the LOD of the solid sodium bicarbonate from each measurement). The temperature of each sample was also 
which the vapor stream has been instantaneously removed. measured. Each density measurement was temperature cor-
These data further demonstrate that the tuning fork response 65 rected to a standard 20° C. using the published thermal coef-
can be correlated with LOD to a detection level on the order ficient of expansion (TCE) ofthe least volatile solvent at the 
of 0.1 wt. % residual solvent. temperature of measurement. 
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As illustrated in FIGS. 31 and 32, where a large change in 
density results from replacement of ethyl acetate with n-hep
tane, a generally linear response was observed for density vs. 
weight % n-heptane in the binary ethyl acetateiheptane sys
tem, both at actual measurement temperature (FIG. 31) and 
after correction to 20° C. (FIG. 32). FIG. 33 directly compares 
the density vs. n-heptane concentration at high n-heptane 
content, i.e., near the end point of the solvent switch opera
tion, as measured by the tuning fork resonator without tem-

10 perature correction, and after correction to 20° C. It may be 
noted that the limit of correction is better than 0.5 wt. % for 
the temperature corrected density response. 

74 
derived may be programmed into a process monitor, recorder 
and/or controller for use in management and control of the 
process. 

Where the relationship between ethyl acetate vs. THF con
tent at a given constant n-heptane content based on density 
response differs from the corresponding relationship based 
on dielectric constant response, as if typically does the actual 
combination of ethyl acetate and THF content can be deter-
mined by measuring both the density and the dielectric con
stant during the solvent switch procedure. The actual combi
nation is identified from the intersection of the locus of 
possible ethyl acetate/THF concentrations based on density 
vs. the locus of possible concentrations based on dielectric 
constant, as shown in the two dimensional plot at the bottom By comparison, where the density range is relatively nar

row, as in the replacement ofTHF with ethyl acetate, the limit 
of detection expands to about 2 wt. %, still a reasonable 
degree of precision for most applications. See the density 
response vs. wt. % ethyl acetate as presented in FIG. 34, both 

15 of FIG. 37. 

on a non-corrected and temperature corrected basis. 

FIG. 35 presents two dimensional representations of a 20 

three dimensional plot of temperature corrected density vs. 
residual (ethyl acetate/THF) content for the ternary system 
near the end point of the simulated replacement of ethyl 
acetate and THF with n-heptane by solvent switch. The sec-

25 
ond view is rotated from the first orthogonal to the principal 
component axis. In this system, the limit of detection based on 
density is better than 1 wt. % residual (ethyl acetate + THF), 
i.e., >99 wt. % n-heptane. 

In simulation of the replacement of (ethyl acetate + THF) 30 

with n-heptane, the dielectric constant was also monitored. 
FIG. 36 presents two dimensional representations ofthe three 
dimensional plot of dielectric constant vs. residual (ethyl 
acetate/THF) content for the ternary system near the end 
point of the simulated solvent switch. The limit of detection 35 

based on dielectric constant is also better than 1 wt. % residual 
(ethyl acetate+ THF), i.e., >99 wt. % n-heptane. 

In this example, such multiparametric analysis is illus
trated only for the combination of density response and 
dielectric constant response. For the particular solvents 
involved, the variation of viscosity with composition is rela
tively modest, so that viscosity does not afford the precision 
of composition determination that is provided by either den-
sity, dielectric constant or the combination thereof. However, 
in other systems, viscosity can provide precise, in some 
instances even the most precise, alternative for determination 
ofthe end point, and the combination of viscosity with either 
density or dielectric constant may yield the most deflllitive 
data for specifYing the actual combination of residual sol
vents in a ternary system. 

Multiparametric analysis may also be applied in a four 
component system wherein each of the parameters of density, 
viscosity, and dielectric constant varies significantly with 
composition. As the number of variables increases, graphical 
geometric depiction becomes impractical, but the system can 
still be usefully modeled by multiple linear regression analy-
sis. 

In light of the detailed description of the invention and the 
exanlples presented above, it can be appreciated that the 
several objects of the invention are achieved. 

The explanations and illustrations presented herein are 
40 intended to acquaint others skilled in the art with the inven

tion, its principles, and its practical application. Those skilled 
in the art may adapt and apply the invention in its numerous 
forms, as may be best suited to the requirements of a particu
lar use. Accordingly, the specific embodiments of the present 

Considered alone, either the density response or the dielec
tric constant response is effective to identifY the solvent 
switch end point at which the n-heptane content reaches a 
desired level, but the relative proportions of ethyl acetate and 
THF at such n-heptane content can and do vary depending on 
the original composition of the ethyl acetate/THF solution 
before the solvent switch operation is commenced. This is 
illustrated in FIG. 37 with respect to both the density response 
and the dielectric constant response. Depending on the initial 
composition, the locus of the operating line of the solvent 
switch operation varies, and reaches a point for a given n-hep
tane content at a combination of ethyl acetate and THF con
tent which varies accordingly. For a given density or corre- 50 

sponding to a given n-heptane content, a line may be 
projected onto the ethyl acetate/THF field which reflects the 
locus of varying combinations of ethyl acetate and THF con
tent corresponding to that density and n-heptane content. A 
similar line may be projected onto the ethyl acetate/THF field 55 

reflecting the locus of varying combinations of ethyl acetate 
and THF content corresponding to the dielectric constant at 
the same n-heptane content. These projections are shown in 
the ethyl acetate/THF field at the bottom of the three dimen
sional representations for both density response and dielectric 60 

constant response in FIG. 37. While this graphical depiction 
aids in understanding ofthe relationship between the compo
sition and the corresponding parameters determined by the 
response to a flexural resonator, as a practical matter the 
relationship is typically or preferably detennined by multiple 65 

linear regression analysis. Standard software is available for 
conducting the regression analysis, and the algorithm so 

45 invention as set forth are not intended as being exhaustive or 
limiting of the invention. 

When introducing elements of the present invention or the 
preferred embodiments(s) thereof, the articles "a", "an", 
"the" and "said" are intended to mean that there are one or 
more of the elements. The terms "comprising", "including" 
and "having" are intended to be inclusive and mean that there 
may be additional elements other than the listed elements. 

In view ofthe above, it will be seen that the several objects 
of the invention are achieved and other advantageous results 
attained. 

As various changes could be made in the above methods 
and processes without departing from the scope ofthe inven
tion, it is intended that all matter contained in the above 
description and shown in the accompanying drawings shall be 
interpreted as illustrative and not in a limiting sense. 

What is claimed is: 
1. A system for monitoring a unit operation that includes 

separating one or more components of a multi-component 
composition by distillation, the system comprising: 

a fluidic system configured for distillation, the fluidic sys
tem comprising (i) a process container for providing a 
multi-component composition comprising one or more 



US 7,603,889 B2 
75 

liquid components, (ii) a heat source associated with the 
process container and adapted for vaporizing at least a 
portion of at least one liquid component of the compo
sition to fonn a vapor, (iii) a condenser in fluid connnu
nication with the process container for receiving the 
vapor, (iv) a heat sink associated with the condenser for 
condensing the vapor to fonn a condensate, and (v) a 
distillate receiver for recovering at least a portion of the 
condensate as a distillate, and 

a sensor comprising a flexural resonator, the sensor being 
10 

configured in association with the fluidic system such 
that a sensing surface of the flexural resonator can con
tact a fluid within the fluidic system, the fluid being the 
multi-component composition, the vapor, the conden-

15 
sate or the distillate, the sensor further comprising an 
electrical circuit in signaling conn11l111ication with the 
flexural resonator, the electrical circuit comprising sig
nal processing circuitry or data retrieval circuitry or 
combinations thereof. 

2. The system of claim 1 wherein the sensor is a first sensor 
comprising a first flexural resonator, the first sensor being 
configured in association with the fluidic system such that a 
sensing surface of the first flexural resonator can contact a 
first fluid within the fluidic system, 

the system further comprising a second sensor comprising 

20 

25 

a second flexural resonator, the second sensor being 
configured in association with the fluidic system such 
that a sensing surface of the second flexural resonator 
can contact a second fluid within the fluidic system, the 30 

second fluid being the multi-component composition, 
the vapor, the condensate or the distillate, the second 
sensor lllrther comprising an electrical circuit in signal
ing communication with the second flexural resonator, 
the electrical circuit comprising signal processing cir- 35 

cuitry or data retrieval circuitry or combinations thereof. 
3. A system as set forth in claim 1 wherein the fluidic 

system is configured to limit flow of the distillate from the 
distillate receiver to the process container. 

4. A system as set forth in claim 1 wherein the fluidic 40 

system comprises a fractionating column. 
5. A system as set forth in claim 1 wherein said fluidic 

system is configured for a batch distillation and the system is 
adapted to detect a condition indicative of an endpoint of the 
batch distillation using a signal from the flexural resouator. 45 

6. A system as set forth in claim 5 wherein the flexural 
resonator comprises a tuning fork resonator. 

76 
11. A system as set forth in claim 1 further comprising a 

distillate discharge line adapted to remove the distillate from 
the distillate receiver. 

12. A system for monitoring a unit operation that includes 
separating one or more components of a multi-component 
composition by distillation, the system comprising: 

a fluidic system configured for distillation, the fluidic sys-
tem comprising (i) a process container for providing a 
multi-component composition comprising one or more 
liquid components, (ii) a heat source associated with the 
process container and adapted for vaporizing at least a 
portion of at least one liquid component of the compo
sition to fonn a vapor, (iii) a condenser in fluid commu
nication with the process container for receiving the 
vapor, (iv) a heat sink associated with the condenser for 
condensing the vapor to form a condensate, and (v) a 
distillate receiver for recovering at least a portion of the 
condensate as a distillate, and 

an on-line sensor other than a temperature sensor, a pres
sure sensor and a flow sensor, the on-line sensor being 
configured in association with the fluidic system such 
that the sensor can monitor a fluid within the fluidic 
system, the fluid being the vapor, the condensate or the 
distillate. 

13. The system of claim 12 wherein the on-line sensor is a 
sensor adapted for detennining one or more f1uid-composi
tion-dependent properties of the vapor, the condensate or the 
distillate. 

14. The system of claim 12 wherein the on-line sensor is a 
sensor adapted for determining one or more properties of the 
vapor, the condensate or the distillate, the sensor being 
selected from a viscosity sensor, a density sensor, an electrical 
property sensor, an optical property sensor and combinations 
thereof. 

15. The system of claim 14 wherein the on-line sensor is 
selected from the group consisting of a viscosity sensor, a 
density sensor, a dielectric sensor and combinations thereof. 

16. The system of claim 14 wherein the on-line sensor is an 
electrical property sensor selected trom the group consisting 
of a dielectric sensor, a conductivity sensor and combinations 
thereof. 

17. The system of claim 14 wherein the on-line sensor is an 
optical property sensor, the sensor further comprising a radia
tion source configurable for irradiating a portion of the vapor, 
the condensate or the distillate with electromagnetic radia
tion, and one or more components for observing a response 
selected from the group consisting of absorbance, reflectance, 
scattering, refraction and combinations thereof. 

7. A system as set forth in claim 1 wherein the system is 
adapted to automatically adjust at least one of a temperature 
of a fluid in the fluidic system, a feed rate, a reflux ratio, a head 
pressure, a boilup rate, and a level of a fluid in the fluidic 
system using a signal from the flexural resonator. 

18. The system of claim 12 wherein the on-line sensor 
50 comprises a refractive index sensor. 

8. A system as set forth in claim 7 wherein the fluidic 
system is configured for a semi-continuous or continuous 55 

distillation. 
9. A system as set forth in claim 7 wherein the flexural 

resonator comprises a tuning fork resonator. 
10. A system as set forth in claim 1 wherein the sensor is 

60 
configured in association with the fluidic system such that a 
sensing surface of the flexural resonator can contact at least 
one of the vapor, the condensate, and the distillate. 

19. The system of claim 12 wherein the on-line sensor 
comprises a mechanical resonator sensor. 

20. The system of claim 12 adapted for process control, the 
system further comprising, in addition to the sensor, 

a processor for processing a monitored response of the 
sensor to determine whether a control action is neces-
sary, 

one or more process control elements for effecting any 
necessary control action, and 

appropriate communication paths between the sensor, the 
processor and the one or more process control elements. 

* * * * * 
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