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Compressibility of Liquids: Current
Methods and Future Directions

Thank you for joining us today.
The presentation will begin at:
10:30 a.m. Central
| 8:30 a.m. Pacific
i 9:30 a.m. Mountain

\ 11:30 a.m. Eastern j
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Compressibility of Liquids: Current
Methods and Future Directions
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AEM

Outline

wWhat is compressibility

wWhy and when is it important
wHow Is It measured

wEmpirical models

wPredictive modeling

wModel validation

wBulk vs thin film compressibility
wFuture directions

ﬁ AN

Webinar Series STLE ?STLE

Association Equipment Manufacturers UNIVERSITY




What is Compressibility

wChange of density with pressure
¢ '/ o= Density at Pressure / Ambient Density
¢ Vo/V = Ambient Volume / Volume at Pressure

17 o= MMV )=V

J. Chem. Thermodynamics 42 (201093
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What is Compressibility

wBulk modulus
«Pressure to cause a given decrease in volume
«Elasticity of the liquid
«Jnits of pressure
«Reciprocal of compressibility
«larger bulk modulug, less compressible
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What is Compressibility

w Secanbulk modulusK=\k t kK k-*
uif B)=1atm, thenK=\ji K k +

w Tangent bulk modulus:l + & K} -«k-K *
«Near V/\{~1,! can be linearly approximated as K

N

Pressure
U

\ 4

Po
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What is Compressibility

wPressuredependence of the isothermal bulk
modulus forliquids

40-

Linear approximation:
K=K+mP

30+

20+

10+

Isothermal Bulk Modulus (GPa)

o
|

Pressure (GPa)

Mineral Oil Water Water Glycol | Waterin OiIl Phosphate
Emulsion Ester

Ky, 30C  18.1kbar 22.4kbar  31.1kbar  19.0kbar  25.0kbar
m 5.6 3.4 4.5 5.0 5.5

Hydraulic Control Systems, Manring
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What is Compressibility

wTemperaturedependence

K=K+mpP 3
K=f(T)  *°* .
25 A \ g
MR
S0 * .
0 *
g o = '
= 15 14 n [ | B
X " n
10 M Mineral Oil
5 # Phosphate Ester
0 I I I
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Temperature {C)
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What is Compressibility

w Note the difference between thermal expansion and
the effect of temperature on compressibility

w Effect of temperature on density is characterized by the
coefficient of thermal expansion=(1/"0 T kKKK ¢

h, 40C 7.00 3.60
h,80C 7.00 6.24
h,120C 7.00 8.40

Hydraulic Control Systems, Manring 35

w Temperature also affects the rate of. , |,

change of density with pressure "> """ -
(bulk modulus) s
i ® Terioperaturio(C) ” 100
e | & 11
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What is Compressibility

w Nomenclature

w Ambient volumey,, is the volume at atmospheric
pressure (P=1atnk,=0) and some temperature

w Relative volumeyy, is the volume at some pressure and
T=T (reference temperature)

1.1 EO \\
1.05 \
> 1 - 50 60
X
> 0.95 - — — — ]
V=VP,=0.2GPa T=1200)
0.9 -
-VHV>1
0.85 T - —
O 02 ek % TV =VR,=0.2GPa T=20°C)
Pressure / GPa R Pg_ . a R ,
High Pressure Rheology for QuantitatE/IastohydrodnamicS. Bair
— oy SN 12
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Why Is It Important

(who cares about compressibility?)
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Why and when Is it Important

Atypical oilwill decrease about
0.5% In volume for every 1000 psi
(~7MP3g Increasan pressure

4

Volume change is important for
high pressure applications

—) A 14
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Why and when Is it Important

wHydraulics
¢ Low pressure ~ MPa(gerotor pun

¢ Medium pressure ~ 2MMPa(gear and
vane pumps) ST

¢ High pressure ~ 481Pa(Radial and a¥ighr—< i
piston pumps) )
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Why and when Is it Important

wEHL is characterized by high pressures and thin films
(Hm)

(GPa -

; Unlubricated
e
Fundamentals of Fluid Film Lubricatibtamrock Schmid Jacobson = [
:‘E 107 hydrodynamic

1= ~~ Absence of 5[

N boundary g oL

V{f lubricants 8 E

\ Hydrodynamic
\ Elastohydrodynamic
0.1 _\ (non-cenformal contacts only) 10
/
/
! 107
0.01 .
Seizure
Severe wear
Q
0.001 -—Boundary—~— Mixed Hydrodynamic o
| | | 8 Unlubricated
5 10 20 = l—Hydrodynamic
no f —Elastohydro-
Hersey number, || dynamic
;' IJ Boundary
0 Relative load

\/ )
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Why and when Is it Important

wThe EHL film thicknessdsectly affected by

compressibility

Venner C. H.Bos J.Wear 173, 151165 (1994).

h = hincomp (V/VO)

1.0

VIV, <1 .

0.6 1

h < hincomp

h (um)

0.2 1

0.0
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Why and when Is it Important

w EHL case study:
¢ P=1 Gpa=10 kbar, T=80) Mineral OIl

K~K+mP
K~(18.1kban+(5.6)(1kbar)
K~74.1kbar
Jewor
K:\6|' t K kK + Ky, 30C  18.1kbar
VIV,=1-P/IK il 218
VIV,=1-10/74.1
VIV,=0.86
h/hipcompVV=0.86A ~15% thinner film
AEM | vieonarSeres STIE Ts1c,  ©



Why and when Is it Important

“I—Bnundary
| IrF’ar'tial - Elastohydrodynamic
|
. :
||| |
= ||
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Film parameter, A
Fundamentals of Fluid Film Lubricatibfamrock Schmid Jacobson
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Film parameter:
hma'ﬂ

A= 2 2 \ 2
(Rq,ﬂﬂequ)

Frictioncoefficient:

1/h 1

oL or —
MEHL constant A

RN 19
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Why and when Is it Important

A Hydraulics :
ifLoaded actuator doelsnodot mo:
upstream is compressed  Efficiency
Loss

I Energy stored in fluid causes actuator to
keep moving after the valve is closed

L J
1

Must be accounted for in
accurate predictions of
performance

FAN
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Why and when Is it Important

10,0000 I A=196i8 | A Ifthereis no power
—> B || K=2.2x18psi| | lossdueto
.1 L=4in i compression, input
' y and output
N — <> _ .
kX KX displacement will be
! ) the same
RX:om _vaomp/A :RXn' Rx)ut
comp_ PWK

AEM

KVeomp= (F/A)(AL)/K =(10,000)(4 in)/(2.2x10 psi)
KV omp=0.18 irt

Fluid Power System Dynamics \
W. Durfeeand Z. Sun LeadS tO power |OSS
-y SN 21
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Why and when Is it Important

w Power loss In hydraulic actuators
Wt Vo,
KV o=Vl T K Y

comp

W=Pi 4K = hp=Pi HY) {

Power loss due to compressibility decreases with
iIncreasing bulk modulus

. K=2.2x10%psi | |

10'002';' A=19.6 in2 | ::
WLI-I { VCOK]p:(F/AL’) 'I\/Cgmp i L=4in }
W,=(10,000b / 19.6 irt 0.X8in%)=92 inlb

FAN

AEM Webinar Series STLE L?STLE

Association Equipment Manufacturers UNIVERSITY

22




Why and when Is it Important

w Hydraulics case study:
¢ 3000 psigystem
¢ K=200,00(si
¢ Stroke 10n
¢ Response 100 Hz
¢ Power Loss=6.7Bp/in?

= W
—
|
.l-""-"

Poweer loss — hp'in.2 of piston area
T
e
IF.l—'.'

\"n Bulk Enggﬂlus. —
- 5 . |
\ A — 1I][],[][][ﬁsi [ |
\ \ s 2010,000 psi
e 300,000 psi ||
AN
'-h..hh

e —

Pl
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Time — sec

Hydraulics and Pneumatics, HF George and A Barber
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How Is it Measured

(ok sohA IAYALIZ NI I VU XK 2 &
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How Is it Measured

wW1661:Florentine

Academiciang,
Water is NOT
compressible

4

]

w 1761: John CantoA
Sa AU Aax

&

=
WSTLE
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How Is It Measured

wConceptual measurement:

K=\jiPK W
+ v
— A A A A A A A A A AL AT
Vo=l,A I X
V=A({-x) lo P
K=K ) tlofx)d A
E Associa:i/(\)/ne E(}IESrLeSnte I\I;Iiaenifacturers STLE ENSI\:’FE%SEITY N



How Is It Measured

:— PRESSURE SOURCE

w Dilatometer .
¢ Piston/cylinder arrangement \ni oo <o [ IR
. . \ DISPLACEMENT
where the cylinder provides the N
pressure containment b ! |
¢ Displacement of piston is ]ﬂf"j_,";f;;?;:'ﬁ“
measured to find compression | | Precoueness i
. Z ~
¢ Errors in both the volume g N
. -
compression and the pressure ‘ é,f W’Lﬁ'*%
arise from deformations of the ZIZ F@
cylinder s
L j‘w COOLING
COMPRESSION
High Pressure Rheology for QuantitatilastohydrodnamicsS. Bair
, A
| —— : : » = 27
Web S T
ﬂ AssociatiorleEc:LI;]iSrLenteh';lliifacturers STLE BNSI\:’FE%SEITY




How Is It Measured

w Differential dilatometer

¢ Experiment made more
accurate by performing a
direct measurement of
the difference In
compression of the
sample and a material of
known and low
compressibility

¢ Water has become a
standard reference
material

Webinar Series
Association Equipment Manufacturers
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LOW PRESSURE
MEDIUM

'. HIGH PRESSURE MEDIUM

TEMPERATURE
CONTROLLED BLOCK

) ¢

REFERENCE CHAMEBER

SAMPLE CHAMBER

High Pressure Rheology for QuantitatilastohydrodnamicsS. Bair

A
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How Is It Measured

w Bellows piezometer

¢ Sample liquid is contained in the bellows and a bulb provide:
additional volume to improve the sensitivity

¢ Change in length of the

PO PP P I SRR A R KA
: 2R IERAHIH K I LHILRRLHKALRIIHL
bellows is detected by a R BRI
| | S
potentiometer that is S aAERCETC Ao s
Pressurizing -] ' 3

ol o o‘;u —

SRR KA 5
‘:. am 'M"b%. X ###&%%%‘3‘:’:‘:’0‘
ol P Bellows X XIS
O XX

Immersed In the Medium Inlet | ' Electrodes

pressurizing medium along

ol
X
0%
020,

S SO EeSS

. 355 5 000762070 % %0 %0 % %0 %%
0202020 %0 % %% RERELREROELEREE
h h b ESRRRREREARIHRERRELEREEKL
with the be I I OWS SRR ERRRIRIRLREKS

High Pressure Rheology for QuantitatilastohydrodnamicsS. Bair

¢ Now the standard
Instrument although it was
one of the first

A

TSTLE
UNIVERSITY
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How Is It Measured

Potentiometer Bellows

A metal bellows piezometer used to measure relative volume as a
function of temperature and pressure to 400Pa The length of the
bellows, measured with a potentiometer, is linearly related to the
volume contained.

AN
— : , ) = 30
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Empirical Models

(who has time for all those measuremen
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Empirical Models

A What do we do with these
measurements?

A Fit data to empirical

models

A Empirical models then

used as input to other

predictive modelsand ™™
design tools

opp)

a( p ;33p]+8{_lé_h __] ,ooh) |

ox\12n°  ox) dy\I12n° dy ax

AEM | Webinar Series STLE
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Empirical Models

w Many such models exists

w They can be written in standard form using
two parameters

V _r,

=20 =f(K,,K))
Vo 0 0
._edK g
KiZe o U
edp 1,
KO = [K] p=0
—) b
et Seres STIE 75t
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Empirical Models

w DowsonrHigginson
¢ Very commonly used for EHL modeling

¢ Originally obtained by curve fittin.966)
experimentaldata on mineral oil up to ~33@Pa

c/2yilFAya (g2 W' ~r ~Aaumd
¢ K,=1.67GPaand KQ6.67

4000

K - 1 § 3000
v r 2dK P
— ‘o0 _— 0 <
K . +1 1000 _
VO 4 1+ d P .=
2K0 o) = 0.9 0.8 0.7 0.6 0.5
Volume Ratio
J. MechPhys Solids, VoI35, pp 16991722 (1998)
= | &
Webinar Series STLE WSTLE >
UNIVERSITY
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Empirical Models

w Tait
¢ Considered to be |

Decamethyl Tetrasiloxane

2 13-
more accurate at higt &
pressures ;
¢ Fluidspecific data ’
available for many O —
common liquids Pressure / P

High Pressure Rheology for QuantitatidastohydrodnamicsS. Bair

)

TSTLE
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Empirical Models

wMurnaghan
LVI 260

1.1
¢ Accurate; more o 20C
- @ 1.05 2 ?ggc
useful thanTait £ 200 Tt
under some s [DE T Socomagrer
. . =080 Y O_ ™. @ =~=-=-- 70C Murnaghan
CondlthnS, § ------ 120C Murnaghan
. 0.9
especially for |
p y 0.85 T

mineral O|| 0 0.2 0.4 0.6

Pressure / GPa
High Pressure Rheology for QuantitatifastohydrodnamicsS. Bair

K cOKé

a
= =P b
¢ Koo =

X s

—'o
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Empirical Models

w Temperaturedependence .
CKQ dzadz fte Gl 1 SyT S

ssssssssssssss

¢ *
¢ *
*

* o

i G ~1GPa
a) K,=C, (T %) (T TFFq G~--0.006GP&C
Cutler et al, ThemPhys29 (1958) 727 g 1 0_5 GP aocz %%Q

2
Ko | K, ~-0.8Gpa &
Bair et al, ASMETZibol T K) 600Dt | é"’%§
123 (2001) 50
~ 9Gpa
Q) K, =Kgexp( bT) oo P
Fakhreddineand Zoller, JAppl PolymSci bK~ 0006 |’<
41 (1990) 1087
, A
— : : % = 37
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Empirical Models

Table 1. Experimental Densitiess at Different Temperatures T and Pressures p

TV
pMPa 27615 28315 2315 0315 1315 323 15 333.15 4315 353 15
plpcm™*
Heptane
0.1 E06T 069223 0.68379 067515 0.6EGEE 065790 0.648T7 0.63960 0.63049
1 06701 068301 068460 067616 O.BETTO 1.65385 0.64562 0.64083 063183
5 0.70047 0.RDERH 068822 DLEEDME 087191 066324 0LE5480 064623 0EATRD
10 0.70435 0.70044 069249 DGE46D O.BTEED 066353 LGED4E 0.65233 064413
15 0.7 0.70424 069652 0.GEE02 068135 067344 0.GE56E 065700 0.65011
n 0.71154 0.7078E 0.70034 0.60206 06856 06779 0.6704% 0.68304 065553
5 0.71488 0.71127 070393 0EDED 0.RB0EH 068225 0LET504 0.BETEE 66064
a0 0.71817 0.71456 070782 0.700452 069353 63530 0.67930 0.67257 0.66538
a5 0.72123 0.71781 071090 070400 0.R9T1H DEH15 0GRS 0.ATEEL [Tk
40 0.72419 0.7T2080 0.71410 0.70730 0.70067 063333 OGETLH 068063 067408
45 0.72705 0.72372 071714 071051 0.70402 068733 (LGRS 068447 DETEN
Squalans
0.1 0.61810 0.81478 0.80827 0.80188 " 0.7955% 073006 0.782T: 0.77631
(0LB1841) (081501 (0.8D845) (0LBD201) { (0.TEA1d) (O.TEZTH) (0. TTEZE)
i 061850 0.81525 080881 0.80243 073969 0.78337 0.77700
(0LBT8MN (0.80899) (0LBD2SE) (0. TEATE) (0.TE349) (0. TTT0S)
5 0.82071 081110 0.80487 0.79234 0.7861% 0.77983
(0LB2104) (081772 (0.81129) (DLBDE01) (0.79243) (0.TBE2S) (0. TTORE)
0 0. 3_331 0.82016 0.81338 0.80778 0.79554 0.78056 0.78345
(082045 (0.81409) (OLBDTHT) (THEET) (0.TEBED) (0.78351)
18 0.82272 081658 0.81058 070863 0.792T 0.78681
(082304 (0816300 (DLE10TS) 0.TH872) (. JQMI (0.TBEETY
I 0.82521 081018 0.81320 0.80153 0.70583 0.79003
(0.B2Z555) (0.81942) (0LE1346) (0B0168) (0.T8581) (0. TO009)
.} 0.82T62 0.82187 0.81502 0.80445 0.7087H 0.79312
(0.B2THEY (0.82193) (DLB1E1D) (081030 (0LBM5E) (0.THBAT) (0.79319)
an 0.82004 0.82414 0.51845 0.81278 0.80717 0.80162 0.79608
(083033 (0.82441) (0LE1B65) (0.81203) (0LB0T28) (0LBOIT1) (0. T9615)
b 0.8322% 0.82649 0.82002 081535 0.80984 0.8043% 0.79304
(083265 (0.B2Z6TE) (0LB2113) (081551 (0L.B099E) (0LED44%) (0. TOO02)
40 083441 082831 0.82329 0.81781 081242 0LEDTOS 080171
(0.83485) (082012 (0LB2351) (0,81 T8y (0.B1255) (OLBOT13) (0.80179
45 0.83654 083104 0.82561 0.32022 081491 0.80062 0.30440 :
(0.83T02y (0.8313T) (0LB2585) (0320400 (LB1505) (0LBDETI) (0.80448) (0.79931)
Pentaerythritol Tetra 2-ethylhexanoate) (PEBS)
0.1 0.07186 0.98845 056182 0.85472 0947876 084045 0.03358 0.92640 08145
0.97276) (0.96815) (0.8620T) (0LBE50) (094 THEY (04062) (0.83371) (0.92659) (081963)
1 097235 096897 086218 085527 0.94835 084125 083421 082717 082014
0.97326) (0.9EDETY (0.96261) (0LBEE5E) (0.94B5Ty 0d141) (0.93434) (0.927T2T) 0.92022)
5 0.97457 0.97124 0.96455 0.05779 094386 0.93713 0.9302% 0.92934
0.97552) (097198 (0.96502) (0BEE12) (04404) (0.83T2T) (0.93034) 092342)
10 007726 0.97405 086748 0.9E083 084720 0240EE 0.93380 0827129
(097326 (OOT4EE)  (DBETOT)  (DDGILH) (09474 (004081} (093400  (D.H2TIH
15 097987 il 087030 0.9E3TH 085044 084402 093742 089084
(0.9B092) 5] (0.97083) (0DE416) (0BS065) (084418} T (093094
n 0.08242 0.97935 0897300 0.0E665 085354 04727 0.83437
(088353 (098021y (08T (0.DETO4) (0D53TE) (0.94744) 09344y
5 .08485 098187 087567 056841 DB5E5T 0A5040 089777
OOEE01) (098278 (0GTEZE)  (0OGEST (096340 (0 D5630) (0. B5058) (0.93738)
a0 0.0ET2T 0.93434 097827 087211 096580 085948 085341 084105
(0.DEB48) (098520 (0.97839) (0.97255) (096622 005873) (0953600 04117y
a5 DEGGD 098675 098077 087473 096862 006232 085637 084419
(090088  (098TTH (088143 (0OTEIH (096306 (0DEZET) (0.95 (094431
40 000138 0.93506 0.98323 087727 097126 08650 0a5e21 084727
098323 099011y (008392 |D BT? Sl (097162 (09E534) (095542 (0847400
45 B9412 0.99135 088561 097382 OBETTE 0D6198 . 085024
(090553 (099245 (0.0863D |0 QSUZ T (0974200 (0.DE303) (DDEZ2N (095626  (D.H503T
J. Chem. Eng. Data 2005, 50,-2334.
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Squalane
BCH

Z25
DBEB
DOP

154

Relative Density
N
= N w =

i

0.9

10.85

11.018
11.150
11.786
10.647

8.824
12.26
5.127
14.49
11.005

Decamethyl Tetrasiloxane

<©  Bridgman, 1949
Tait extrapolation

0.006321
0.006479
0.006119
0.006444
0.006327

200 400 600 800 1000 1200 1400
Pressure / MPa
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Predictive Modeling
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Predictive Modeling

wMinimize time consuming and expensive
experiments

wDesign new lubricants with targeted
compressibility

wCorrelate liquid molecular structure to
lubricant performance

1 B
0.98 A W
N
CHy E 0.96 A
HC 3 0394 3
> ™P
>
CHy 2 092 5
K]
HsC ) HvI
- 091 PAO
CHy 0.88 4 PAG
HSC Water
0.86 T T
0 50

1;0
Pressur
, A
— _ : — . ] 40
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Predictive Modeling
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Predictive Modeling

Repulsive  Attractive

E=(rfr) 12-(r Jr) © .
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Predictive Modeling
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Predictive Modeling

wWellcharacterized model liquids

Table 1. Experimental Densitiess at Different Temperatures T ond Pressures p

TVE
sMPa 27815 283.15 203.15 30315 1315 312915 33315 34315 5315
plem
Heptane
01 0BO22E 068379 7535 0.6EESE6 DESTH0 U SdS 063060 [T
1 089301 D.EB4E0 DETELE 0.BETT0 065385 054003 063183
5 089630 0.68822 DLEEDNE 067181 086324 0 SSdM 084625 083780
10 0.70044 065249 0.68463 067680 066353 DGED4E U 6523? Q64413
15 0.70424 DEMES2 D.GEEGD 068135 06T GESEE Des011
0 0.70785 070034 DEOEN 0.83563 DETTad DLETD4D D GGSDd DE5553
5 0.71127 070393 0.G2GE30 0.63960 0.68225 06TE03 0.6RTE6 066064
a0 0.7T1456 070782 0.70052 0.69353 068630 067830 087237 066538
a8 0.71781 071080 0.70400 089710 088015 DLEREIS 0BTEEL 066083
40 0.7T2080 071410 0.70730 0.70067 068383 0.GET1H 063063 067408
45 0.72372 071714 071051 0.70402 069733 DEDDAS 068447 DETE04
Squalane
01 081475 0.B0188 0.79553 0.78273 0.77831
) (0.80201} (0. 79563) (0.TEZTH
080243 0.78337
(0.BOZ5E) (0.78343)
5 080487 0.TBE1D
(0.50501) 10.7B625)
10 0.76058
10.7TB062)
15 0.THET
10.79243)
0 079583
10.79591)
n 2 0.70ETH
(0.81610) 10.70B8T)
a0 081845 060162
(0.81865) 10.80171)
a5 0LB2002 080439
0 |U 83'?55- IU S"Ilﬂl IU SUMSI
|0.33d35'- |DS'9?-51| (0.81708) |030113|
45 083654 082561 0.32022 081491 0.60862 080440
(0.83702) (0.B2585) (0.82040% (0.81505) (0.B0GTH) (0.80448) (0.79981)
Pentserythritol Tetrai 2-ethylhexsenoate) (FERS)
01 0.67186 096845 086162 005472 0.94 |SJG 084045 0.63358 0.92640 0919\5
(097276} (0969 IS (0.96207) (085503} . il (0.84062) 10, 93371| IU 92650)
1 07235 0.968! #6216 085527 094125 A 2,0 4
(097326} (0. BGBEJ (DB6261) (0.05558) (084141) |U 92727) 5]
& 0.07457 097124 #6455 085778 084386 0. 9‘?113 0.93023 2334
|0 9 JESZI (D9T108) (096502) (0.05813) (084404) 10.83727) (0.93034) (02342)
10 097405 DB6T46 0.DE08T 08472 004068 0.93380 0827120
|0 9 J&ZGI (D.9679T) (0.DE118) (0847400 10.04081) (0.93401) (002728
15 0.97087 0. 1 097030 0.DEXTH 085044 004402 093742 093084
(098002} (D9TTEE) 0.97083) (0.BEA1E) (085065) (0.84418) (0.93754) (093094)
0 0.0E242 7! .87, 0.DEEES 085354 084727 0.94081 083437
(098352} (0.97359) (0.BET0) (0.85378) 10.94744) (0.94094) (08344T)
n 0.08485 087587 006041 085657 005040 0.94400 084777
{0.08601} (0.97626) (0.DE08T) (0.95630) 10.05058) (0.94423) (003738
an 0.0ET2T 097827 087211 085943 085341 0.94723 084105
(008848} (047839) (0.07255) (0.95973) (0.05360) (094737 (11T
RS DEDED 088077 0.97473 0.096232 005637 0.95027 084419
(0.D08E} (0.98775) (0.98143) (097519 0. 95895- (09625T) (0.8565T) (0.95042) (044310
40 0.80189 093008 0.98323 087727 097126 03650 005521 0.95323 084727
{0.00322} (0.99011) (0.08392) (087776} (D.9T162) (0.96534) 10.05042) 0.95340) (.70
45 0.80412 099135 088561 08707 0.97382 DTS 096188 0.95609 095024
(089552} (0.99245) (0.98633) (D.DE02T) (0.97420) (0.56A303) (0.DEZ20) (0.95626) (08508T)

J. Chem. Eng. Data 2005, 50,-2334.
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Predictive Modeling
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Predictive Modeling
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Predictive Modeling
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Model Validation

(yeah, but does it work?)
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Validation

Table 1. Esperimental Densities ot Different Temperatures T and Pressures p
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Bulk vs Thin Films

(why do those little tiny gaps get so
much attention?)
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Bulk vs Thin FIlm  spectometer
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Bulk vs Thin Film
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Bulk vs Thin Film
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