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National Institute of Standards and Technology

“NIST enables innovation, trade, security, jobs”

NIST helps build the infrastructure for technological innovation.

We're here to help you with problems related to measurement,
standards, data, and technology.
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Executive Summary:

AFOSR-MIPR F1ATA06004G004
(3/1/06)

Characterization of a real fuel: JP-8
— I.e., chemical analysis, VLE, p, v, A, C,,

Standard reference measurement and modeling
of fuel palette components.

Develop a surrogate fluid model for real JP-8

Relation to the synthetic JP-8 (Fischer Tropsch
S-8 model)

Solubility characterization of additive species
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While we must nail down p, v, A, C,,
efc. to develop a model,

* The volatility of critical importance,

* n-decane: p=0.73 g/mL

* n-hexadecane p=0.77 g/mL

Granted, I’'m hiding the temperature and pressure dependence,
but there 1s not much difference with composition.
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Volatility, on the other hand, changes dramatically with
composition:

[] 1,91 1
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Advanced Distillation Curve Method
Distillation Curve???

For a complex mixture, it is a plot of the distillation
temperature against cut fraction

— T vs. Vol
— T vs. 100 mL Volume

— T vs. Volume %
(sometimes expressed as % evaporated)
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ADC:

* An extension of classical (ASTM D-86) methods:

— temperatures are true thermodynamic state points
— consistent with a century of historical data

— temperature, volume and pressure measurements of low uncertainty —
EOS development

— composition explicit data channel for qualitative, quantitative and
trace analysis of fractions

— energy content of each fraction

— corrosivity of each fraction

— greenhouse gas output of each fraction

— thermal and oxidative stability of the fluids
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Typical data suite for an aviation fuel:
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Jet A, S-8
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Jet A, S-8
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Temperature, Tk, °C
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Compressed Liquid Density:
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Densimeter

e Anton Paar* DMA-HPM Density
Measuring Cell

e Tube material: Hastelloy C-276

e Temperature range: —20 to 200° C
Pressure range: 0 MPa to 100 MPa

Density range: 0 — 3000 kg/m?

e Combined overall uncertainty in
density: 0.64 to 0.81 kg/m?

*No recommendation or endorsement by NIST is implied.
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Thermostated Housing

e Copper pipe with heaters and
cooling channels

e Pneumatic valves
e pre-heat loop on inlet

e 3 PRTs

e Insulation packed inside of
and surrounding pipe
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e Thin film and mica heaters
e Three heating zones
e Circulator for sub-ambient

temperatures

/ e SPRT and two 100 Q PRTs

e Independently run PID loop

e Long-term stability = 5 mK
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Pressure Control

Programmable Syringe
Pump

Pneumatic valves

Oscillating quartz crystal
pressure transmitter

(thermostated to ~ 40° C)

Rupture discs to prevent
over pressurization
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Density and Speed of Sound
5°Cto 70 °C, uncertainty 0.1 %

Viscosity

20 °C to 100 °C, uncertainty 1.5 %
e commercial instruments
e scan T-range in 3 hours

e calibration with standard
fluids required

e small sample volumes
(5 mL)

e contamination possible
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Thermal Conductivity Measurements on
Fuels

» Transient Hot-Wire Apparatus at NIST
— Vapor, liquid, and supercritical fluid phases
— Temperature Range 30 K< T <750 K
— Pressure Range 0.01 MPa <P <70 MPa
— Less than 0.5% uncertainty for liquids below 450 K

— Uncertainty increases at high temperatures due to thermal radiation and
sample decomposition

« Summary of Measurements on Liquid Fuels
— Isotherms measured from 300 K to 550 K with pressures to 60 MPa
— Significant cracking observed at temperatures above 600 K
— Accurate thermal conductivity data obtained from 300 K to 550 K
— Performance verified with argon gas and toluene liquid
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Schematic of Hot-Wire Bridge
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Hot-Wire Cell and Pressure
Vessel
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Temperature and Pressure
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Hot-Wire Measurement
Electromcs
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Thermal Conductivity of Jet A
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Thermal Conductivity of JP-8
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So why
should

| care about
eguations
of state?
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EOS Characteristics

\P/ﬁgger lﬁﬁ:slg gg;gﬁl Accuracy |Speed |Iteration
Ideal gas law % Low High No
vdW % % v Low High No
Cubics v % v Moderate | High No
Virials v Moderate | Med Yes
BWRs % % % High Med Yes
Helmholtz v v % Very High | Low Yes

All calculate pressure as a function of density and temperature, except
for the Helmholtz energy




Types of fundamental equations

All thermodynamic properties can be calculated as derivates
from each of the four fundamental equations:

= Internal energy as a function of density and entropy
Entropy is not a measurable quantity.




Types of fundamental equations

All thermodynamic properties can be calculated as derivates
from each of the four fundamental equations:

= Enthalpy as a function of pressure and entropy

Entropy is not a measurable quantity. Cannot have a
continuous equation across the phase boundary.
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Types of fundamental equations

All thermodynamic properties can be calculated as derivates
from each of the four fundamental equations:

= Gibbs energy as a function of pressure and temperature
Cannot have a continuous equation across the phase boundary.
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Types of fundamental equations

All thermodynamic properties can be calculated as derivates
from each of the four fundamental equations:
= Helmholtz energy as a function of temperature and density

Both temperature and density are measurable. Continuous
across two-phase region.
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a(p,T)

— =a(0,7)=a’+ a'

Pressure, p

Helmholtz Energy, a

NN
R

—_—

Density, p

All thermodynamic properties
can be calculated from derivatives
of the Helmholiz energy

. —
Heat Capacity, ¢,

=  Given density and temperature, all other properties can be
calculated

= [terative solutions required given input conditions of pressure
and temperature; pressure and enthalpy; pressure and
entropy; saturation temperature; vapor pressure; etc.
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Properties calculated from an EOS

= Temperature = Volume expansivity
= Pressure = Compressibility
= Density = Vapor-liquid equilibrium

= Heat capacity

= Speed of sound

= Energy

= Entropy

= Enthalpy

= Fugacity

= Second virial coefficient

= Joule-Thomson
coefficient

Approved for public release; distribution unlimited.



REFPROP program

= Www.nist.gov/srd/nist23.htm

= 90 pure fluids

= Mixtures with up to 20 components

= All thermodynamic and transport properties
= Table and plot generation

= Fluid search menu




“ REFPROP - NIST Reference Fluid Properties

E stimated critical properties
Temperature: 19613 K

- 3: Mixture 1: T = 300.0 K (0.0022.../- [O[% e Pressuse: 50505 P
e Select Properties to Display Density: 9.7532 mol/dr?
Temperature | Pressure| Density | Enthalpy | Entropy Themadynanic | Transport, Misc. | Derivative | .
(K) (MPa) |(molidm®)| (mol) |(JmorK] | Iemperstue I~ Cpl Comgonentz and compostion ,
W Pressure [~ Cp/Cv [Hoh Fraction LI
1| 300,00 0.20000 | 0.080467 | 14728. | 10563] & Density [ Csat
2| 30000 0.40000 | 016151 | 14696. | 99.786| [~ Volme [~ Sound Speed caibon dioxide 0.002202 ~
3] 30000 | 060000 | 024313 | 14663. | 96.335] | Int Energy [~ Comp. Factor nitrogen 0.021326
4 30000 | 080000 | 0.32533 | 14631. | 93.864 ggf’fb*? ;a!g“-u:”m '"T:‘a”'* nnﬁga
ntropy N ethans .
5 300,00 1.0000 | 040812 | 14598. | 91.929f = o) I 2ndViial Cosf, p— S
6|  300.00 1.2000 | 0.49150 | 14565. | 90.333) | ¢p I~ 3idViial Coef D o.000495 8
7| 300,00 1.4000 | 057547 | 14532. | 88.971 ' =4l
8 30000 16000 | 066004 | 14499, | 87.780 Molar mass: 16.873 g/mol
o 30000 | 1.8000 | 0.74521 | 14466. | 86.719 :E:mm‘fri;:f oK Lancel
10|  300.00 2.0000 | 0.83098 | 14433. | 85.762 ’ p‘""l """""""""""""""
1 300.00 2.2000 | 091735 | 14400. | 84.887 Cancel | c adoct Al
12 300,00 24000 | 1.0043 | 14366, | 84.082 SRS = =
13| 300.00 26000 | 1.0919 | 14333. | 83.334
REFPROP Dimenion Units Fleset Units
Reference Fluid Theimodynamic and Transport Properties Temperstue [ El sl |
MIST Standard Reference Database 23, Version 8.1beta July 03, 2007 Pressure - 51 with Celsius
E.'. Lemmon, M.L. Huber, and M.0. McLinden |MPa _I —!
Physical and Chemical Properties Division Yolume | d? =] Molar SI |
Copynight 2007 by the LS. Secretary of Commerce on behall of Mass/Mole g mol ~]
The United States of America, Al Rights Reserved, g l ] mks |
negy 1) -
cgs
e = T’
Viscosty [uPas 5 | ==
MIST uses its best efforts to deliver a high qually copy of the Database and to verify that the Thermal Conduciviy  [mw/mK ~] English |
data contained therein have been selected on the basis of sound scientific judgement. _ -
However, NIST makes no warranties to that effect, and NIST shall not be liable for any damage Surface Tension | mi/m =l _ Unitess |
that may result from emors o omissions in the Database,
| Pressure
[~ Use Gage Pressume
Infarmation I = Baomeliic Pressure 0101325 ]

Comnnnents: catbon dinside/nitrooen/methane /ethane/ oionansfisobotans hutans fsonentane nentanshentans [0 D0P202/0 0219260 953171./0 0151 23/0 0604471 /0 DO04S5/0 000 36640
Approved for public release; distribution unlimited.

[Cusrent Fluic Misture 1



Temperature, °C

250

240

230

220

210

So, what if | ignore the volatility
(.e., the distillation curve)?

Volatility of S-8

4

= = =10 component surrogate, Bruno 2006

experimental data, Bruno 2006

7 component surrogate, Huber et al 2008

0 20 40

60 80 100

Distillate Volume Fraction, %

Approved for public release; distribution unlimited.






In the remaining 4 months:

The necessary equations of state for the
surrogates will be completed.

The surrogate model will be completed.
The RefProp fluid files will be completed.

Reports and papers will be completed.
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