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A=1.05; 15°C
2. 6W(L) /O A=1.05 vs. 1.10 0.0930 -0.1229

G20+ 2 &
3. OW(D,,) /yz G20 vs G271(26%N3) 6.7490 -13.782

15°C; 1 bar
4. OW(D,,)/oT T=20 vs T=15°C; G20 1.6320 1.3860
5. 8W(D,,) /dp p=2 vs 1 bar; G20; 0.1938 0.1043
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smee Noves an Codes s Abbreviations " appearing af the begin-
hitg of gk regudar issiee of the PCT Gazetre.

(%) The: QUASL-STATIC VISCOMETER

{57) Abstract: A viscumeler baviog o (i vol-
wive displacer or deiver, sucll s a speaker men
brane. and a pressnne sensor o dewior, sich as
2 mictophenc membrane, forming the inside sur-
Faces af o canity that is sealed from the minbient
environment of the viscameler except for a con
rrolled Joak such as a capillary nibe. An eleerrical
signal o the aersor o detecter is processed to

a indieste viscosity ol the {luid in the covity, Addli-
tinnally dezermingd from the viscnsity are heating
value, oxygen demand and other thermaphysical
propertics of the floict. Abse, alsnlrte pressee s
Qurived aller visusity is dubomined.

JP
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(15)

W) 01796832 PCTAISN 15967
QUASI-STATIC VISCOMETIR
BACKGROTND

The present inventien pertains to viscosity detectors
anc particularly to delta-pressurz-based sensors. Moze
narticularly, the invention pertains to viscosity sensors
for determining the oxygen demard (for complets
combustion) of o gaseous or liguid fuel for combusticn
rposes.

Existing and recently proposed guasi-static
viscometers are either fluid (i.e., gas or liquid) density
ang preepure-dependent and costly {such as vibrating wire
or guartz crystal-based vigcometers). Other viscomaters
suffer from additicnal fluwid property dependencies (e.g.,
thosze invelwving thermally-driven capillary flow}, are
prone to drift due to deteriorating and leaky valves (as
in viscometers dependent on capillary flew driven by
periodic refill from a source of pressurized gad, valve
giogure and decay observation}, or depend on their
orientation {as with the falling ball viscometer) .

The proposed sensor meagures a known property of
fluids, viscosity. When applied to a combustion control
sygtem, it enables feed-forward cperation and sensing in
the mild pre-combustion epviromment; it is low-cost
because the properiy can be simply proportional to the
measured signal (in one preferred measurement approach)
ang it relates also simply to Wobbe numher,‘oxygen demand

ar heating value of the fuel, so that the sensing error

JP 2004-503767 A 2004.2.5
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(16)

W) 01/96832 PCTAISNOS967
makog = relativeiy amall comtributieon to the tokal
combustion control exrror.

This invention invelves the use or application of a
known property, Viscoeity, to combustion contrel. It is
alac about using a preferred approach to viscosity
measuremens to that application.

Vigcosity, 1, may be known best for its linear
relation te laminar volumetric flow (dV/dc)! aad pressure
drep, Ap, in a capillary (of radiuve, re, and length, Le),
ags shown in equation [1).

av/ar = mApr.'/ (8L (1)

One firet notes the potential of viscosity ag an
individual property for combustion control when ssarching
for low-cogt means to compencate fom variabilities in
natural gae composition, and for a way to determine
hzating value without combustion, which includes
analytical determination via cerxrelations imvolving k(T,),
k(T,} and 1, i.e., im conjunction with other properties.

Here, the viscoasity of the fuel, and, previously, the
stack O, concentration were for Irdicating predieted or
actual changes in the fuel's oxygen demand, D,,. Fiqure 1
shows graphically a comparison between 1, curve 22, and
vther fuel gas thermophysical (i) properties, i.e.,
p,dengity, curve 26; k, thermal conductivity, curve 24; op,
gpecific heat, curve 25; and O, thermal ansmometer

correction faclor, curve 27; and how well Lhey correlate

JP

2004-503767 A 2004.2.5
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W) 01/96832 PCTAISNOS967
andividually with oxygen cemand of fuel, Dy:. 1) exhibits a
most agvantagecus, monotonic decrease as b, noreases,
although c, appears promizing as well. The o value of
noreombustible CO, (8.83 cal/(mol-K); 6.60 for H,0) lies
between that of CI, and CH, (8.50 and 12.42}, but all -
values of noncombustible gases J,, N, €O, (except H,0)} lie
above that of CH,.

By including twe or more fuel properties into a
correlation with heating wvalue or D,,. the achievable
agouracy increases significantly (note cited art below),
but at the penalty of significant coat increases as well,
because of the need for digital processing for
determipation of o, The abave is based on the assumption
that control of emismione and efficiency are prime goals
of any combustion control; this ies most closely achieved
by ecparating under conatant stack-(, o¥ axcess air, which
in kurn iz msb by maintaining a constant air flow and
adjusting fuel flow in response to its composition
variations, which change D, and m*. Half of its density
wvariatione ig taken care of by the factor m, s it affects
all orifice- or venturi-controlled flow control
gituations. The aim of adjusting fuel flow to counter
variabilities in Wb, Wokble number, iz similar but leas
correct {if one aims ar conaerving the A/F (air-to-fuel
ratio) and emiseicns) and goes back to the definition of

the Wobbe number, Wb = AH/fm¥, with AH = heating value

JP 2004-503767 A 2004.2.5
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=

rather than O, demand and m* =(M_ /M,

M iz moles, wh
ig closely aligned with Br: (Bonne number = Dsx/m¥), as long
Aas non-hydrocarbon fuel constituents such as H, and ¢ are
absent. A correlaticn of Doy or Bn with visvosily may be
determined with & formula Do: = A + BW or Bn = A + B/ n°°
, regpectively. A and B ars correlation coefficients and
0 is a correlation exponent. A" and BY are similarly
correlation ecefficients. The correlation is like that of
natural law. Relatgd information ig in figure &, page 21,
of “Microsensors for Fiuid Properties”, by U. 3Sonns and D,

Fubisiak, Scientific Honeyweller, Sensors Isaue (1996} .

Additional informzbicon is in U.B. Patent 5,486,107 by U.
Borne, issued January 23, 1296 and entitled "Determ’nation
«f Fuel Characterietics”, which is herein incorporated by
referance.

To illusprate the significance of the praposed,
viscometer-based combustion control system, Tahle 1
compares some parameters relevant to the quality of a
corbustion control sydtem based on thermal conductivity
verads viscosity sensors. As shown, on all counts, the
viscogity-based system lists more- advantageous values such
ag pmaller gensor output dependence on pressure and
temperature but larger dependence fuel-gas compositien or
fuel concentration in a fuel + air mixture. The latter
parameter was included to guankify the merits of direct
maasurement of thermo-physical properties of the fuel +

ailr mixtures; as shown, mcasurement of viscosibty or

JP 2004-503767 A 2004.2.5
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thavital conductivity in a premixed fuel + alr mixturs
makes the preseure, tewmperature and homidity effects moach
larger thar the ecught fusl property effects. 2 similar
casge can be made for the nessurem=nt of 7w or k in the
stack gasos,

Table 1 indicates advantages of viscosity versus

thermal conductivity as Dy, or A, wavelsngth, sensors, & =

(actual fuel/air ratie) + (stoichiometric air/fuel ratia).
This table indicates that wiscosity is approximately two
times more sensitive to changes in A and D, than thermal
conductivity, but thirty percent less sensitive to
va%iations in pressure and temperature. That neans
viscosily detection results in a geveral times more
accurate sensor than thermal conductiwvity, £o01 Do OF A
measurement. The gas G20 is methane and GZ71 ia a gas
mixture of 74 percent methane and 26 perceant rilrogen., p
is preasure in bars, and 7, temperature, ie in degreas
Jelgiug. W ig the dependent variable, measuring the
desired property (A or Do) . Bemsitivities of k and 1 are
relative to variability in nitrogen content of fuel mixed

with air, %, T, p and nitrogen content of pure fuel gaz.

JP 2004-503767 A 2004.2.5
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Tab.e 1
i th
Dependence Conditions W=k W=n
- - % %
1. SW{AY/B{fuelsair} G20+air wa 8271+air 0.2687 -0.3522

A=1.08; 13°cC

2. (L) /o A=1.05 vs. 1.30 0.0930 -0.1229
C20+aix

3. &W{D,,}/ddas G20 ws G271{26%Nz) 6.749G ~13.782
15°C; 1 har

4. (0, /8T T=20 vs T=15°C; G20 1.6320 1.3860

5. W (Dy,) fOp p-2 ve 1 bar; Gz0; 0,1938 0.1043

For the most desirable property (k or n), the values
of ® for rows 1-3 ghould ke rhe highesar apd 4-5 the

lowest. Viscosity is cbviously the preferred choice.

EUMMERY OF TEE INVENTION

The viecometer digcloged bere does not rely on the
availability of pressurized gas, 2 microsenser or on
thermal drivers, and its output is independent of absolute
preppure (to the extent that wviscosity is). It iz net
sensitive to orientation and can be fabricated at low
cogt. The present wvisgcesity sensor is used for
determining the oxygen demand of warious gaseous mixtures.
It has a fluid volume-digplacer, actuator or driver, such
as a apeaker membrane, and a pressure sensor or debector,

euch as & microphone, with a chamber or cavity and a
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acontrolloed leak boetween the cavity and the ambient

envircoment of the wviscesity sensor. The driver, the lezak
and sensor electronice can be assembled from commercially
availabla and inexgensive components. In sum, the sensor

has low manufacturing costs, and good acourady.

roliability, intrinsic safety and long scrvice life,

BRIEF DESCRIP1IUON OF THE DRAWING

Figure 1 is a graph of the relaticnshin between
oxygen demand of fuel and thermephysical properties of the
fuel.

Figure 2 shows a viscometer.

Figures 3, 2 and 5 are graphs of an oscillacory
volume ond the delta pressure of a leaky cavity for three
diffarent gases.

Figures & and 7 show additional embodiments of the
viscometer.

Figure & 13 a graph of drive voltage versus
deflection for an actuator of a viscomster.

Figure 9 shows a viscometer and associated components

for uss in various applications.

DE2CRIFIION COF THE EMBODIMENT

A viscometer 10 of Zigure 2 makes use of a linear
relaticonship between laminar wvelumetric flow (dv/dt}
through a controlled leak, for which we shall chocse at

firet a capillary (@) ii, {of radius, r

s

and length, L,

JP 2004-503767 A 2004.2.5
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of rcapillary tube 11) and viacosity, 1, for a pressure
difference, Ap. The mathematical rslationship of these
parameters i1s shown in eguaticn {2) .

av/ac = mapr.'/ (8L} (2

Instead of uging a thermal zource, a valve or a
mechanical flow is used to induce a repeakable but time-
dependent flow and enable the observation of a preasure
drop {or rise}, Ap. time constant, T, or phase lag, §.
Viacometer 10 disclosed hexre ie desigred to induce a
repeatable but time-independent [low to enable the
cheervation of a steady Ap when the rate of volumetric
dipplaccment by an actuater 12 and the actual leakage Flow
become equal for a2 few milliseconds (ms}. This is
sketched out and represented in Figures 2 and 2. The Ap
gignals for three gases, Ar, N2 and C;Hg, are merked as
curves 13, 14 ‘and 15, respectively, and the volume change
AV.. in percent, of cavity 16, shown by saw-tooth curve 17,
represente the volumetric change incduced by actuator or
driver 12.

If it can be agsumed that the displacemant of a
sufificiently strong actuator is independent of the type of
gas, actuator 12 can be driven in a "gaw tooth' mode and
at eonstant frequency, £, and the above equatiom {1}
indeed establishes itselZ; then all types of gasses will
eventually reach their own Ap in the chamber, but ak the

sane capillary 11 flow rate, thus enabling the

JP 2004-503767 A 2004.2.5
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determination of each fluid's viscosity via measurenent of
Ap and use of equation (2}, If one designs viscomster iIC
o meet the first two above-noted assowptions, the
remaining suestion is whether there will be encugh time in
one half-cycle to estallish the abowe eguality. If the
capillary radiuvs r, ig too small, the Ap{t) will alsc he a
saw-tooth-like functicn {one may negliect adiabatic heating
effects for small AV,); but if capillary 11 iz large
enough, its flow and Ap will only increase until dAv/dc =
AV F/2, regardless of the viscosity of the gas in the
vigcometer 10, and then remain at tkat value unbtil the end
of the saw-tooth 17 perieod. The viscosity then results
Erom eguation (3).
N = nApT, / (4AV, L) (a3

This relationship iz illustrated by the results of
caloculations with a numerical model in Figures 3 and 4,
whereby [or a given re, Lo and £, the cevity volume would
ke incremented by a small amount corresponding to a time
atep, Az = 0.1 ms, which would change the cavity pressure

by an amcunt corresponding to PV = nRT, which in tuxn

would etart the flow Ehrough the capillary and remove soms
of thea prassure change during Az, until a balance betwesn
dvfdt = av./dt = AV £/2 and 4p is reached. Thesc figurss
show that: {1) steady Ap vslues can be achieved towarde

the end of the saw-tooth pericds; (2} the values of such

JP 2004-503767 A 2004.2.5
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ateady Ap pericds are probortional to the viscosities of
the indicated gases C,H,. N, and Ar (82, 178 and 224 pP at
20° € and 1 atm, zespectively); (3] the R, = AV /Y, T, aml
L, values need to ke &nd can be chasern to both achieve a
steady 4p period and laminar flow (Re < 2300) in tle
capillary, ag indicated by the Reynclds Number, Re =
zxvp/n, for che frequencies of 124 and 324 Hz, and the
lowest n/p-gas, which was propane in Pigures 3 and 4; the
324 H= frequency was chosen to be away abkout egqually from
higher harmonics of 50 and 68 Hz; and (4) the time
constants to reach the steady Adp-peried are longer for

higher viscosity fluids and lower pressure gas=es. The
time constant resulte are illustrated in Figure 5.

Filogurs 3 is a graph of Ap, pressure amplitude in om
water column FWC) versus z or kime in ms. This graph
shows ar oscillatory volune 17 and Ap of a leaky cavity 16
for three gages Ay, Np and C:H., ap represented by curves
13, 14 and 15, respectively. The oscillatory volume 17 of
cavity 16 is the reault of electrical input to actuator
12. The pressure gensor changes, as indicated by curves
13, 14 and 1%, ave detected by sensor 20. These plots
were taken at 22°C and a pressure of 0.7 bar. The
frequency, £, is 132 Ha. R, is one percent. The pressure
equilibraticn times to £3% of the final Ap, T, are 0.40,

0.22 and 0.153 meg for the three gases, respectively. The

10
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cavity wvolume at rest, Ve, 1z 0.15 cmE, and capilliary
length L. and redius r. are at 0.2 om and 0.17 om,
regpectively. The maximum Reyaclds pumber, Reg.., is 752.

Figure 4 is a graph of Ap, pressure amplitude ia cm
WC versus time in ms, z. This graph shows a‘n ascillanory
volume 17 and Ap of leaky cavity 16 for three gases Ar, W
and C3H;, as represented by curves 13, 14 and 15. These
plote were taken at 22° C and a pressurc of €.7 bar,
Fragquency f is 323 Hz, which is about 2.447 times faster
than £ for figure 2. R. i 0.5%, Az is 0.05 ms and the
linear excitation, 1, is 0.18 me. Vg and Lg are the same
as for figurs 3. The capillary radius, r.. is larger at
0.2 mm. The maxioum Reynolds number is 785. WNote that
the amplitudes of corresponding curves 13, 24 and 15 ars
abour half of thase for the curves in figure 3. However,
the amplitude differencesz between curves 13, 14 and 15
appear to be more distinguishable in fiqure 4 than figure
3.

Figure 5 is a graph of Ap, pressure ampiitude in Cl;'[
WC verspe £, time in ms. This graph shows an oscillatory
volume 17 and Ap of leaky cavity L€ for W. at three
different absolote pressures, p,. Curve 14 i for N, at
0.7 bar, curve 18 is for My at 1.0 bar and curve 12 is for
W2 &t 1.5 bar. This data was taken from device 10 at 2z2° C
and a freguency of 122 Hz, and R, is equal to 1%. Vi is

0.15 om®, 1, i= 0.3 om, T i5 0.14 mM and Eeg. i5 at 946.

JP 2004-503767 A 2004.2.5
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These curves in figure 5 show that the Ap-eguilibria
reached are independent of absolute pressure. But they
also show that the time congtants to reach equilibriuvm, T,
are pressure dependent: time constants of zbout 0.29, §.23
and 0.1%4 ms were derived for the prespures of 0.7, 1.0
and 1.5 bar, zespectively, which may also serve to
determine absecluts preessure alter viscosity has been
determined: p.1° o congtant.

To implement viscomster 1C¢, one nesds bto considar
volvmetric drivers 12, pressure sensors 20 and pozsible
gystem limitations. Figures &€ and 7 show additional
eubodimenlts 21 amd 22, resnectively, featuring interfaces
or coupling devicea 28 and 2% that way be baffles or at
least partial barriers between drivers 12 and sensoras 20,
Barrier 28 or 22 ie for preventing transport from driver
12 o senscr or defector 20 any physical energy {(i.e,
mechanical, electrical, and/cr thermal) which may hindec,
delay or inhibit the transfer of Ap information from
driver 12 to detector 20. Baffle 28 or 29 may preven:t
such poseible disteortion or dilapidation by effecting
diffusicn, attenuation or other appropriately affecting
function.

Viggometer 21 has a baffle 28 situated in cavity 16
between actuator 12 and sensor 20. Baffle or diffuser
plate Z8 has apertures or holes 32 go that driver 12 can
affect sensﬁr 20 via the tested gas and apertures 32. The

gag enterg cavity 16 wvia capillary 11. A front wview of

12
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diffuser plate 22 is shown to illustrate aperturas 2.
There is only one plate 28, which is gituated facing
diaphragm 33. Viscometer 22 has a baffle, bar or dsmping
chammal 23 sitwvated in cavity 16 Detwsen actuator 13 and
genacr 20. A pagsage or hole 30 provides for passage of
the tested das 2o that driver 12 can affect senecr 20, for
wiscosity determination of the gas. The conkrolled cavity
leak is though capillary apening 11.

Actuators may be of severzl kinds. To generate
censtant rate of veolumetric expansion or contraction, one
can oconeider = bulk (piezoelectric) PZT expansicen, PIT
bimorph actuators as used in tweetersg and electromagnetic
speakers as drivers 12, Volumetric expansion of
piezoelectric transducers is akttractive because of the
large forces involved, which would not be affected by
changes ir ges density, althoucgh the displacements would
be very small. Both PET expansion and PaT bimerph
actuators would need to be temperature-compenzated, which
would not ke recquired in the instance of electromagunetic
spazkera.

Measured center deflectiong were made of a bimorph
sctuator (PET/brazs laminztion by Mallory Sonalert of
Indianapolis, TN, at $0.55/each at a 25-99 cquanticy}
consisting of a 15 mm OD/C.11 mm-thick brass support + a
10 mm CUR/D.11 mm-thick PZT + % mm OD/D.02 mm-thick Ag
elactrode fiim. Under the rated veoltage of £ 25 V, the

center deflection was aboal 0.8 pn/VRNMS. Center

JP 2004-503767 A 2004.2.5
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detlection measuremcents were also mado of an
electromagnetic speakesr (ERT1Z209F-01, from Int'l.
Compenents Co, of Kelviile, WY, at a price for a gquantity
of 25 9% at $0.&60/each) znd rated at for a -raximim input
of 1-2 VDO and 10 & maximum. The center displacement of
this 50 pm-thick spozker disc was feound Lo te faiflv
linear with input voltage {aee curve 31 of Figure 8). The
digplacement amounted to abouz 7.5 umf/vwolt from -6 to +6
VDQ. Thiz displacement per velt (V) is thus sbhout 10
times greal:er than the one [rom a PET himorph. Support of
the spesker membrane 32 merits scme careful cconeideration
[note membrane 33 of designe 10 and 31 of Figures 2 and 4,
respectively) .

If chamber or cavity 16 iz sealed to eliminatc leaks
across speaker membrane 32, then the side oppesite ko its
V¥, side needs to be cpened toc an awmblent/external fluid ta
gvoid aromalous effects when the ambient pressure or
temperature changes. If the volume op the membrane 33
side opposite of the cavity 16 side i3 not sealed leak-
tight from cévity 16 (as in BRTL206F-01}, then it competes
with capillary 11 and/or the leak functions as an orifice.

Sensors may be of several kinds. Ancother function
needed for vigcometer 10 ia the Ap sdensor 20 betwesn
ambient and V_. Micrcophones may pe the lowest-cost gheoice
to mest that need. The ldeal sensor 20 would be a rigid
microphone, i,2., lack of influence on V_ via deformation,

with a frogquency-independent outpub. An electrat

4
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microphone {by Panascnic of Secaucus, HJ, or Genteox of
Carbendale, PA, witn a deformable memprans} was used in

phase lag measuramsnbs. It provided an unawplified ocutput

of 200 m¥ for about 50-63 HZ pressure variatiens of £ 1.2

cm of HO. The noise ilevel was ab 2 mv, which is

eguivalent to (1.2/1003)(2/200)‘10s = 12 ppm of pressure
changs in cavity 16, or 0,012 om of HO.

Bn electreomagnetic spsaker (BRT1202P-01 by Intfl.
Components Co.), was rested as a maenscr 20, back-to-back
to 2 similar unit serving as a driver 12. However, their
magnetic fields interfered, and thus shielding would be
needed for good resulhbs.

A MICRO SWITCH 24PC prepsure gensor chip, from
Honeywell Inc. of Freepoxri, IL, mounted and sealed on a
TOS header (over & center hole to avoid any back-pressure
build-up} seryed well as a eensor 20, in operation with
sne of Che BRTIZ06P-01 speakers serving es an actuator 12.
It wag verified chat the senszor 20 output followed the
shape of the driver 12 excitation (gine, aquare or aaw-
tooth shape} with capillary 11 plugged. After unplugging
the capillary., a balance hetween rate of cavity 16 velume
change and capillaxy 11 flow was achieved, demonstrating
the inventiom. Turing this dynamic balance, the
established Ap was representative of the fluid viscesity.
The L/D ratioc of the capillary 11 tube should be greater
than four. The czapillary 11 inlet should be smooth

internally and at the codgee to minimize turbelence.

15
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Experiment® with the same driver 12, kut a
piczoelectric speaker serving as senscr 20, yislded &
orescure-independent relationship that was as expected
theoretically, n =~ AGpC {(wvhere AG = pressure sSensor outpnut
ard p = absovlute pressure) within a *5% scope measurement:
error. This wviscosity sensor consisted of simply epoxying
an available $0.60 driver 12 and §C¢.55 sensor 24 back-to-
bark, and being operated at 50 KEz. In sumrary, vary low-
coot, off-ths-shelf components ghow that fabrication of
the present viscometer 10, 21 or 22 can be very cost-
affactive.

Viscomctber 10 may have several limitaticns. Firat,
one possible limitatien is head pressure due to flow
revaersal. BAs the freguency of a flow driver increases,
the inertial pressure generated at cach rceiprocating £low
reversal increases. In order to stay away from such
effects, one may calculate the frequercy at which the

capillaxy 11 pressure drop, 4p,, would egual the insrkial
pressure drop, Ap;, as shown by eguatien (4).
Apz = (AV,£/2}-8ul/ (nr’) and Ap, = Rpv /2 =
2 z
plAVCES {2px7) ) " (4)
With the agsumption that the steady volume flow in each
divection, AV-f/2, gensrates an average velocity, v =
Amefftzﬁral, and an inertial pressure pulse upon reversal

of 2pv:/2, then for Ap, = Ap;, one geta

JP 2004-503767
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nl, = pAV £/ (2n) and £ = lemnL_/ (pAV.). (5}
For w = Q.000178 g/lem-s) o v = 11/p = 0,153 and/e for N,

at Z0°C and 1 bar, T, - 1 cm end ¥V, — 0.000L cm3, one gets
f = 77 kHz_. ¥For most applicabicons, one will therefore he
ablz to neglect this effect becauac it iz generally small
at low frequencies and it only ccocurs at each flow
reversal.
Second, the appearance of turbulence in a capillary

.1 tube needs to be avoided. Por the above example, with
¥ = 0.008 cm, one ygets Ra = 2rcv/v = 1209 foxr N, (bukb 6335

tor propane). However, appropriately combined changes in

r., AV, and £, provide a laminar range that is wide indeed.

o
To minimize the onset of turbulence, the edges at the ends
of cagillary 11 should be made a#nocth.

Thiré&, The astability of the actuator, Ap, sensor and
contralled lesk (no plugging with time) are clearly
oritizal to long-term, reiiable service. The way to
maintain stable displacement wvia circuitry, stable leak
via a multiplicity of leaks in porous plate, and self-
cheching the sengor for proper operation and accuracy are
recommended to overcome gtability limitations.

The componenta of the quasi-static viscometer 10 and
their costs, include a saw-tooth generator azt $0.4, a
speakexr (10-15 mm diameter) at $0.22-0.25 (from DRI Ltd.),
a microphone (6-10 mn diameter) at 50.22-0.25, a

microphone amplifier and an analog-to-digital converter

17
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(A/D; for a digital oubput, at about $2.00, one or more
0.2-0.4 mm hcles,’capillarias of 3-6 mm in length, or
equivalent controlled leaks made of porous materials, at
£0.10, plus asacmbly, calibrabion and miscellancoun
mzterials at about £32.00. Thus, the botal cost of che
gensar may he lesg than 56,00, so that its use and
business potential is great.

Feattreg of the invention involve the combination of
capillary 11 flow (known to be proportioral to viscosity)
to or from a cavity 16, an electro-mechanical fluid
displacer/actuator 12 and a saw-<ooth electronie drive 34
to ensble the Ap in cavity 16 to stabilize during at least
one of the two periods of each AC actuation cycle. The
measurement of the established Ap at the end of (at least
one or} eacn saw-taoth pericd is an indication of tha

desired viscosity. Lt is the Ap (but not Ap/p,) whichk is

largely independent of absolute pressure, p,. Ap is sensed
by wsensor 20, which provides an output toe an analog-to-
digital converter 3%, as shown in figure $. The digital
autput goes to procegsar 36 for processing. Processor 36
has a digital or anzlog output that may be provided to
scme apparatus such as a combustion contrel or regulator.
Alsc, an output is provided to indicator 37 that may
provide readazble information about the directly measured
vigrosity, as well as correlated properties such as oxygen

demand or other parameters of the testad gag. The output

JP 2004-503767 A 2004.2.5



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

(33)

W) 01/96832 PCTAISNOS967
of serpor 20, instead, may go directly to an analog
indicator, processor or interiace.

An. embodiment may have an actuater 12 that is & low-
voltage, electro-magnetic sarphore speaker, rather than a
piezo-electric tweeter or electroa-ztatic opeaker, and in
which the Ap sensar 20 is a wlerophone based on either
plezo-slectric (preferred), plezo-resistive, electro-
magnetic, electret, carbon-ccntact or capacitance sffects.
The present inventien may sgense not only wizcogity but
also absolute preseurs by further processing the
determined viscosity and the inikizl time constant or
phaze lag between actuator 12 input and seneor 20 output,
az shown in figures 3-5.

Viscometers 10, 21 and 22 have advantages over
related art viscometers based on vibrating wizrea zna
quartz crystal oscillaters, having pressure decays cr
phase lage, becsuse they have no dependence on absolute
prassure. Viscometers 10, 21 or 22 also has advantages
over vigcameters based on thermal excitation, because it
hag no dependence on thermal conductivity or specific heat
of the fluid being measured. It also has advantages over
traditional viscometers based on capillary flow driven by
a constant source of pressurized fluid, or bassd on timing
of the fall of an okject, in that there i= no need for a
¢ogtly source of constant pressure Eluid, constant oravity
megnitude and direction, or eguipment for providing and

meaguring the falling cbject. The present wiscomater is

19
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net zensitive te its meounting orientation. Ae poted
above, besides visgcosity, the present device can alsc be
used tc sense absolute pressure by wsing the initial time
constant or phasc lag between acktuator input and scnsor
output, which is a feature not available from related art
viscometers,

Other embodiments and varianks of the pressnt
invention, not disslosed here, are covered by rhe claims
and only limited ir scope by the claims, which includes

all egquivalents theresof.
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THE GLATHS
1. A gquasi-statie viscometer comprising:
a driver havicg a diaphragm;
& genpor having a diaphragm aitvatsd at a firet
distance from the diaphragm of sald driver;
a fitting formed hetween and arcund peripheries of
the diaphragma of said driver and sensor to form
5 vavity hetween the diaphrTagms; and
an opening formed on said fitting to provide a leak

for the caviky.

2. The viacomerer of claim I, further comprising an
interface @ituated in the cavity between the diaphrsgm of
said driver and the diaparagm of said sensor, wherein the

cavity ig divided intc two subcavities.

3. The viscometer of claim 2, wherein said interface has

a plurality of holes.

a. The wviscometer of ¢laim 3, wherein:
said driver iz a spesker; and

szid senacr is a microphone.
5. The viscometer of claim ¢, further compriasing:

an signal generator connected to sald driver; and

a processor comnected to said sensor.

2]

JP 2004-503767 A 2004.2.5



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

(36)

W) 01/96832 PCTAISNOS967
&, The wiscometer c¢f claim 5, wherein szid procezsor
processes signals from said senecyr into indications of

wvisccsity of a fluid within the cavity.

7. The viscometer of claim 6, wherein said processor
processes the indications of viscosity inte indications of

heating value, Dpz, of the fluid within the cavity.

a. The wvisgcometer of claiwm 7, wherein:

said opening is a capillary tube having a length, L,
and a radius, .y

said signal generator outputs a zignal having a
frequency, £, Lo sgald driver;

gaid driver causes z volums, AVe, of a fluid to enter
and leave the cavity at a pressure variation, Ap;
and

the vigeoglty, 7, of the fluid within the cawvity is

equal to (mApr Y/ {SAVEL:) .

3. The viscometer of claim 8, wherein the viagcosity, %,

is &an indication of heating wvalue of the fluld.

10. The vigcometer of claim &, wherein the viscosity, m,

iz an indication of omyaen demand, Doy, of the £luid.
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11. A viscosity-based oxygen demand indicator for =
Fluid, compriding;

a driver having a diaphragr;

2 sensor having a diaphraam proximate to the
diaphragm of said driver;

a fitting having = first open end juxtsposed to said
driver anc a eecond open end juxtaposed Lo gaid
sensor, and wherein said fitting, driver and
sengor form a cavity; and

a leak formed in said fitting.

12. The viscesity-based oxygen demand indicator of claim
10, further <omprising processor for converting signale
from sald senser inte indications of oxygen demand of the

fluid in the leak.

13. The viscosity-based oxyoen demand indicator of claim
12, wherein:
zaid driver is a gpearxer;

said sensor is a microphene; and

gaid leak forped in gaid fitting is a capillary tube.

14. A guasi-gtatic viscometer comprising:
a structure having a cavity;
an actuator situated on said structure;
a detector situated on said structure and proximate

to 2aid actuator; and

23
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a leak between said cavity and

a £luid.

15. The guazl-static viszcometer of
comprising an interface situated in

structure between eaid actuator and

1le. The quasi-static viscometer of

said actuator has a diaphragm;

(38)

POCTAISNO 15967

an enviraonment having

claim 14, further
the cavity of said

zatd detector.

clalm 15, wherein:

sald dekectar has a diaphragun situsted approximately

in a same plane aa the diaghragm of said

actuator.

17. The guasi-static viscometer of claim 18, wherein said

interface ie situzted between said actuator and detector,

and is approximately perpendicular to the same plane.

18. The quasi-statie viscometer of claim 17, whersin:

fluid can enter the cavity via said leak; and

fluid can pess via said interface between said

actuater and detector.

12. The guasi-stabic viscomeber of claim 18, wherein;

said leak is a capillary tube having a length, L., and

e radius, rg;
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the daphragm of said actuator can cause a volime,
AV,, of the fluid to eater ard leave zhe caviby al
a pressure variation, Ap;

the diaphrzgm of said detector senses the pressure
variation, Ap; and

the wviscogity, 1. of the Eluid in the caviiy, is

(RADTC ) / (4AVeELe) |

20. The gquesi-static viscomeker of claim 15, forther
comprising a processcr connected to said decactor, which
processes a signal indicating viscosity, 1, of the fluid

and determines an oxygen demand, Dg, of the fluid,

21. The gquasi-atatic viscometer of claim 20, wherein:
the preceasing to determine the onygen demand, Dp;, of
the 'iluid ig in adcordance with Dg; = A + B'rf",-
and

A, B and C are corrclation cocfficients.

22. The quasi-static viscometer of claim 20, wherein:
the proceasing to determine the Bonne number, Bn, of
the fluid ig in accordance with Bn = A" + B’nr‘!;
A’ and B are correlation coefficients; ard

T’ is approximately 0.5.

25
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23. The quasi-static viscometer of claim 20, wherein said

procegsor determines absolute pressurs, De.
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