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“Surrogate”
means different
things to
different people

Thermophysical property
predictive surrogates




The wnHoly Matrimony of Measurement
and Theory




Data go in here
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Clearly, the most important role of the surrogate
mixture is to fulfill the intended purpose:

e TSI,

* Kinetics,

* Pool fires,

* Thermophysical properties,
* what have you
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For moiety family
evaluation and
analysis:

'H, 3C NMR

Happily, | have one on
order!

Multinuclear probe
Cryoprobe: H, 13C, 9F, 31p

Cross polarization MAS solids
probe

Diffusion probe
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* Beyond this primary role, we all desire our
surrogate mixtures to be authentic:

yicochemicaﬂy
Physical Properties Chemical Properties:

P, M, A, vle, ss, ... group moieties-



Can we use any of the thermophysical
properties for this?

Density, p (PVT surface), for a kerosene
— write in 0.85 g/mL and you’ll be close

Speed of sound, heat capacities, etc., change by a few %

viscosity and thermal conductivity change by 4 %

In contrast, volatility changes appreciably with composition



The ADC:

—true thermodynamic
state points

—consistent with historical
data

—temperature, volume
and pressure
measurements of low
uncertainty

—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

— inert gas sparge

hot air

Pir inlet
outlet

receiver

bore scope ports
adapter B

(5 mm dlameter}\__

T

.. bore scope
port (5 mm diameter)

100 W heater (3)

calibrated

volume P

receiver digital
barometer

+——from condenser

+— chromatographic
syringe

water
jacket

stir bar ‘\

|_stirrer

“—to receiver

Apparatus for ADC.

temperature
controller

thermocouple

oy
S

i
=

stir bar

upper flask heating
enclosure, aluminum

500 mL
round-bottom flask

lower flask heating
enclosure, aluminum

control PRT

_—— outlet

receiver
collection

volume

calibrated

[

side arm

inlet— \ =
.’j —
_ level sight
= glass (2)



260

250

Temperature (°C)
N
N
[—]

N
m—h
(]

200

190

180

Jet A, S-8

%
A
+ 3638 ¥
= 3602 .
a .
A 4658 A ]
X S-8 A X
%
A B
A . X . L2
[ X
, ® . 1
= L
. X o !
) ¥ . .
8 ‘ . *
o S
¥
2
. *
X
10 20 30 40 50 60 70 80 90

Volume Fraction, %



So what will the ADC Provide (that’s practical) ?

* Initial boiling temperature, IBT

— thermodynamically consistent
— theoretically meaningful

e Distillation Curves

— thermodynamically consistent
— theoretically meaningful



Let’s look at some surrogate mixtures,
ignoring for the moment, the underlying
motivation:

* Simple
— 2 or 3 components

e Complex

— More than 3 components
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Let’s look at some surrogate mixtures,
ignoring for the moment, the underlying
motivation:

* Simple
— 2 or 3 components

e Complex

— More than 3 components

e With the nomenclature used in the literature
and at past Fuel Summits

e Older mixtures, to develop the methodology



Simple:

* Surrogate A:
— 60% n-decane + 20% methylcyclohexane + 20% toluene
* Surrogate B:
— 60% n-decane + 20% methylcyclohexane + 20% o-xylene
* Surrogate C:
— 60% n-dodecane + 20% methylcyclohexane + 20% o-xylene
* Surrogate F:
— 60% n-decane + 20% butylcyclohexane + 20% butylbenzene
* Surrogate G:
— 60% n-decane + 40% isooctane
* Aachen Surrogate:
— 80% n-decane + 20% 1,2,4-trimethylbenzene
* Modified Aachen Surrogate:
— 80% n-dodecane + 20% 1,2,4-trimethylbenzene



Complex:

Utah Surrogate:

— 30% n-dodecane + 20% n-tetradecane + 20% methylcyclohexane + 15% o-xylene + 10% isooctane +
5% tetralin

Drexel Surrogate 1:

— 36% isocetane + 26% n-dodecane + 14% methylcyclohexane + 18% 1-methylnaphthalene + 6%
decalin

Drexel Surrogate 2:

— 43% n-dodecane + 27% isocetane + 15% methylcyclohexane + 15% 1-methylnapthalene

Schulz Surrogate:

— 21% n-dodecane + 16.2% n-decane + 15.6% n-tetradecane + 10.2% n-hexadecane + 5.7% isooctane +
5.1% methylcyclohexane + 4.7% cyclooctane + 4.6% butylbenzene + 4.5% m-xylene + 4.4% 1,2,4,5-
tetramethylbenzene + 4.1% tetralin + 3.9 % 1-methylnaphthalene

Surrogate 1:

— 30% n-dodecane + 20% n-tetradecane + 20% methylcyclohexane + 15% m-xylene + 10% isooctane +
5% tetralin

Surrogate 3:

— 73.5% n-dodecane + 10% methylcyclohexane + 10% toluene + 5.5% isooctane+ 1% benzene

Violi Surrogate:

— 20% n-tetradecane + 25% n-dodecane + 25% n-decane + 20% toluene + 5% methylcyclohexane + 5%
isooctane



I”

Compare these with “real” fuel behavior

e |[BT departure
— But still, it’s only one point
— The rest of the curve can do funny things

* Total curve departure
— On the basis of objective, point by point metrics

e Total curve shape
— Subjective and objective descriptors
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The Simple Surrogates:
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Point by Point Evaluation Results:

Criterion | Surrogate | Surrogate | Surrogate | Surrogate | Surrogate Aach Modified
A B C F G |"*™™| Aachen
Metric 1 | 69.20 64.00 3240 4490 66.50 4930 ] 13.50
Metric 2 | 4.25 3.71 2.20 2.36 4.06 263 ]0.60
Metric 3 | 50.26 45.11 14.85 26.01 47.58 3034 |451
Criterion Utah Drtlexel Dr;xel Schulz Surri)gate Surr;)gate Violi
Metric1 | 3150 | 1050 | 1070 | 10.10 31.20 21.00 2890
Metric2 | 2.39 0.70 0.70 0.80 2.39 1.46 221
Metric3 | 2333 | 982 9.02 5.90 23.51 10.51 20.06




The winners are:

Criterion | Surrogate | Surrogate | Surrogate | Surrogate | Surrogate Aadien Modified

Metric 1 | 69.20 64.00 3240 449 66.50 4930 | 1350
Metric2 | 425 371 22 236 4.06 263 1060

Melric 3 | 50.26 45.11 14.85 26.01 4758 3034 451

Criterion Utah Drexel | Drexe Schulz Surrogate | Surrogate Violi

Metric1 | 31.50 | 1050 | 10.70 | 10.10 3120 21.00 28.90

Metric2 | 239 0.70 0.70 0.80 2.39 1.46 221

Metric3 | 2333 | 982 9.02 5.90 2351 10.51 20.06




Shape and Slope Evaluations:

* Go— No-Go test

— Eliminate flat and bimodal curves
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Shape and Slope Evaluations:

* Go— No-Go test

— Eliminate flat and bimodal curves

* Shape Rating (on simple linear model: y = mx + b)
— Linear normal probability plot
— Residual plot with 2 nodes
— Residual magnitude less than 2 °C
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Shape and Slope Evaluations:

* Go— No-Go test

— Eliminate flat and bimodal curves

e Shape Rating (on simple linear model: y = mx + b)
— Linear normal probability plot
— Residual plot with 2 nodes
— Residual magnitude less than 2 °C

* Slope Departure

— Based on a simple linear model: y=mx+b
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Now, add shape and slope evaluation:

Criterion | Surrogate | Surrogate | Surrogate | Surrogate | Surrogate Aachen Moedified
A B C F G Aachen
Metric1 | 69.20 64.00 3240 44 90 66.50 49 30 13.50
Metric2 | 425 3.77 2.20 236 406 2.63 0.60
Metric 3 | 50.26 4511 14 85 26.01 4758 30.34 451
Slope
Validity poor good poor mvalid poor invalid good
Slope 0.70 0.42 0.99 NA 0.66 NA 0.25
Criterion Utah Drtlexel Dr;xel Schulz Surri)gate Surr;)gate Vioki
Metric 1 31.50 10.50 10.70 10.10 31.20 21.00 28.90
Metric 2 2.39 0.70 0.70 0.80 2.39 1.46 221
Metric3 | 23.33 9.82 9.02 5.90 23.51 10.51 20.06
Slope
Validity poor mvalid | mvalid fair good mvalid fair
Slope 0.97 NA NA 0.97 0.99 NA 0.99




Overall Ratings:

 Modified Aachen Surrogate:

— 80% n-dodecane + 20% 1,2,4-
trimethylbenzene

e Schulz Surrogate:

— 21% n-dodecane + 16.2% n-decane + 15.6% n-
tetradecane + 10.2% n-hexadecane + 5.7%
isooctane + 5.1% methylcyclohexane + 4.7%
cyclooctane + 4.6% butylbenzene + 4.5% m-
xylene + 4.4% 1,2,4,5-tetramethylbenzene +
4.1% tetralin + 3.9 % 1-methylnaphthalene




Can we use our modeling approach in
reverse, to design a surrogate?



Helmholtz Free Energy EQOS:

idsol €XCESS

a=a" = +a ,
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Complex mixtures are represented by surrogates

Surrogate components each have an EOS

We can predict the composition of the vapor and
liquid phases as a function of T and P: VLE



Can we use our modeling approach in
reverse, to design a surrogate?

* Limit ourselves to a simple surrogate mixture
(2 - 3 components only)

* Limit ourselves to components on hand or
easily obtained

* Properties to consider:
— ADC, p, SS



Result: the Huber-Bruno Surrogate:

After 30 iterations:

Component Mass Fraction
n-dodecane 0.31
n-tetradecane 0.38
1,2,4-tnmethylbenzene 0.31




Result: the Huber-Bruno Surrogate:

After 30 iterations:

Component Mass Fraction
n-dodecane 0.31
n-tetradecane 0.38
1,2,4-tnmethylbenzene 0.31

Easy to mix and measure!



—Huber-Bruno Surrogate, model
prediction

1% T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
00 0.1 02 03 04 0.5 06 07 08 0.9 10
Distillate Volume Fraction




====Huber-Bruno Surrogate, model
prediction

B Huber-Bruno Surrogate, measured
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Temperature Ty, °C

Now compare with Jet-A-4658:
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Temperature Ty, °C

Now compare with Jet-A-4658:
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Evaluations, with H-B:

Criterion | Surrogate | Surrogate | Surrogate | Surrogate | Surrogate Aachen Modified | Huber-
A B C F G Aachen Brune

Metric 1 6920 64.00 32 40 4490 66.50 49.30 13.50 270

Metric 2 425 3.77 220 236 406 263 0.60 016

Metric 3 50.26 4511 14 85 26.01 47.58 30.34 451 269
Slope

Validity poor good poor mvalid poor invalid good excellent
Slope 0.70 0.42 0.99 NA 0.66 NA 025 068




Going along for the ride:

Property Jet-A-4658 H-B Surrogate

MW 156.9 158.4

H/C 1.87 1.89
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Viscosity, uPa-s
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Summary:

* Evaluation strategy for surrogate mixture
authenticity

— The technique is more important than the specific results

* Used in reverse, the strategy can be used to
design surrogate mixtures

— Can extend objective function to include operational
properties
* CN, TSI, etc., in addition to ADC, p, SS.

— Again, the technique is more important than the specific
result: the H-B surrogate mixture



Future Work

* Make the existing Jet-A/JP-8 model “tunable”

* Add additional properties

* Add the chemical in physicochemical
* With the new toy
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