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PROPERTIES OF RAPE OIL AND ITS METHYL ESTER RELEVANT TO COMBUSTION MODELING

by

L. Vander Griend, M. Feldman, C.L. Peterson"®

INTRODUCTION

The frequent use of vegetable oils as diesel fuel substitutes!™ has
stimulated discussion of the properties of these 0ils and their derivatives. The
increased use of engine simulations® in which fuel properties are input
parameters, also provides motivation for the compilation of the characteristics
of new fuels. This paper is presented as a step toward such a compilation of the
physical properties of winter rape oil (Rape 0il) and its methyl ester (me-—
Ester). In addition, data is presented on the droplet size distributions of these
two fuels under simulated engine conditioms.

PREVIOUS INVESTIGATIONS

The properties of many vegetables oils have been investigated. The
following examples are a sample, not an inclusive list, of the data which has
been collected. Goering’ et al. presented data on eleven alternate fuels.
Vinyard® et al. reported many of the relevant properties of five types of
vegetable oils. Needham and Doyle® compared sunflower oil with other alternate
fuels. A review of these studies motivated this investigation which focused on
Rape Oil and its ester. In addition, developments in the theory of diesel engine
combustion and the increased use of simulation have produced requirements for
information on fuel properties not previously reported.

PROPERTIES RELEVANT TO COMBUSTION

The choice of relevant properties was influenced by the current theory of
compression ignition combustion. A fundamental process in this type of combustion
is spray formation. Current theory of the spray atomization!® which occurs in
diesel engines emphasizes the influence of surface waves on droplet breakup. The
surface tension of the fuel is critical because of its influence on the stability
of these waves. Secondary parameters are the density and viscosity of the liquid.
In dense sprays, O’‘Rourke!! showed that the coalescence of droplets competes
with droplet breakup to determine the size distribution in the spray. Again, the
surface tension is an important property in this process.

*The authors are graduate student, Engineering Technician, Professor of
Agricultural Engineering,University of Idaho. This project was sponsored in part
by USDA-ARS.



The next stage of compression ignition combustion is droplet vaporization?!?

The preceding spray formation is important, as well as the specific heat and
thermal conductivity of the fuel. Vapor pressures and heat of vaporization are
important for many fuels, but the low volatility of vegetable oils makes their
boiling and critical temperatures® significant parameters as well.

During the actual combustion of the fuels, the chemical structure may
influence the mechanisms and rates of combustion, but in direct injection
engines, these properties have been found to be far less important than the
mixing of the reactants!® This mixing is primarily a function of turbulencel®
therefore the structure and kinetic properties of the fuels were not
investigated. It should be noted however, that engine durability problems (eg.
-nozzle coking and ring gumming!™) may be associated with these properties even

if the combustion of these fuels is not a function of their chemical properties.

Table I 1list the values of these properties for the two alternate fuels
as well as diesel and hexadecane. Sources and comments are indexed by Table IV
of the Appendix. Most of the hexadecane and diesel data was gathered from
available literature. The specific heats and surface tensions were measured for
this project with methods described in later sections of this paper. All other
properties of the alternate fuels were gathered from the literature and in many
cases are data for materials with structure similar to Rape Oil and its ester.

Heat Capacity of Rape 0il and its Methyl Ester

Specific heats of the rape oil and its methyl ester were determined by the
Dynatech R/D Thermophysics Laboratory. A copper drop method was utilized. This
method involves raising the
fuel to the desired
temperature and allowing it
to cool by transferring
energy to a copper 41
receptacle. Therefore, this
method actually measures the
enthalpy of the fuel at
specified temperatures, and
average values of C; over the
range of cooling can be
determined. If the enthalpy
is measured for a sufficient
number of ranges (at least

J/g

Heat capacity,
N

(s} 100 200 300

three), a relationship

between C, and temperature Temperature CC)

can be inferred. The results

of the tests are demonstrated Figure 1 Specific Heats (Data by

graphically in Fig.1l. The Dynatech)

lines are from linear

regressions over the six data points. The curve of hexadecane and a curve typical
of diesel fuels are included for comparison.



Table I Fuel Properties. (See Appendix for individual comments).

B Pp(T) = {Pyap(373)) expl{a(1/373 - 1/T))

UNITS TEMP. HEXA - DIESEL  RAPE OIL ESTER
(K) DECANE (#2) (methyl)
AH_ 4 ® KJ/g 298 47.3 45.2 40.2 40.5
AH,,, J/g Ty 226 256 209 297
H:C ratio 2.1250 1.73 1.81 1.88
0:C ratio 0.0 0.0 0.096 0.096
Molecular Weight g/mole 226.4 198 926 326
Critical Temp. K 721 658 765 692
Boiling Point K 560 510 584 609
.dT,/dP K/MPa 456 414 488 653
Density Kg/m? 373 718 745 778 768
dp/dT Kg/m®/K -0.71 -0.74 -0.64 -0.75
Cp J/g/K 373 2.41 1.7 2.43 2.47
dc,/dT J/g/K? 0.00270 0.00265 0.00411 0.00453
Conductivity W/m/K 373 0.12 0.11 0.15 0.17
dr/dT W/m/K? -0.00022- -0.00038 -0.00011 -0.0010
Surface Tension mN/m 373 20.6 22.5 28.1 25.4
do/dT mN/m/K -0.0854 -0.0774 -0.0713 -0.0805
Viscosity mm?/s 373 1.25 1.26 9.35 2.39
Vapor Pressure® Pa 373 96.0 2200 3.72e-9 2.35
P 7387.4  4749.7 22199 10712
& FUEL(I) = CO,(g) + H,0(1). At 1 atm. I=liquid, g=gas.




Surface Tension

The surface tensions of #2 diesel fuel, Rape 0il, and me—-Ester were measured
by the ring method (ASTM D971-50.) A DuNouy interfacial tensiometer was used.
An attempt was made to
obtain a relationship
between the surface
tension and liquid
temperature by heating
the fuel samples while
measuring the tension.
It is recognized that
measured temperatures
may mnot have been
accurate reflections
of the local surface
temperatures but
rather averages of the
sample. Lower +values
of surface tension
could be expected in Temperature (C)
the upper temperature
range for systems in Figure 2 Surface Tensions
thermal equilibrium.
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The experimentally determined surface tensions of diesel, rape oil, and
its methyl ester are displayed in Fig.2. Again, the linmes are from linear
regressions over the eight data points. Hexadecane data from reference 22 are
included for comparison. Symbols are scaled representations of a 95% uncertainty
interval calculated from the data of three replicates.

Droplet Sizing Techniques

Measurement of droplet sizes can be accomplished with a variety of
techniques?® Dynamic methods, especially optical, are becoming the standard?®
Static techniques sacrifice time and usually some spatial resolution for
simplicity. Capture in immersion liquids for microphotometry is probably the
most straightforward of all methods. However, the lack of suitable immersion
liquids for fuel 0ils® has limited this technique to specialty applications.

The procedures used in this project for droplet sizing were chosen with
consideration of both the preceding points and the unique properties of vegetable
0ils. The use of an injection system from a commercially produced engine insured
droplet sampling with nozzle geometries (90 um radius) and pressures typical of
engine conditions and also produced the required pulsed, intermittent spray.
Ambient fluid density was matched to values representative of the engine chamber
through the use of a pressurized spray chamber. The immersion liquid capture
technique was judged to provide adequate information for predictions of the size
distribution trends among the fuels.



Droplet Sampling Equipment

The spray chamber in which the droplets were sampled is shown schematically
in Fig.3. Practical considerations create several important limitations. A
minimum distance of 650 mm between nozzle and immersion liquid has been
suggested®® for the prevention of droplet fragmentation on impact. It was felt
that the higher surface
tension of the vegetable oil
fuels would allow the use of

'njector the more practical 500 mm
- : = length. More 1important
Solenoid s however, is the fact that any

distance over the path length
available in actual engines
(typically 20mm to 50 mm)
must influence the droplet
size distributions through
= S evaporation and coalescence.
Immersion Liquid ——f % In defense of this method, it
' can be claimed that the
number of collisions must
decrease with distance from
gﬁaﬁmﬁﬁfj the nozzle as the spray
expands radially and that the
Figure 3 Spray Sampling Chamber low temperatures of the

chamber gas and the high
vapor levels minimize evaporation during sampling. However, the use of room
temperature ambient gas could produce larger droplet sizes due to the
relationship between surface tension and temperature (Fig. 2). Therefore, the
results of these methods showed be viewed more as an indication of trends among
the fuels, not as accurate representations of droplet size distributions.

Shutter

== =
[

Immersion Liquids

The pertinent physical properties of immersion liquids have been listed by
Hiroyasu and Kadota®? as; '

1. Total immiscibility with the fuel being measured.

2. Density slightly less than that of the fuel.

3. Viscosity low enough to reduce droplet breakup during
impact but high enough to prevent coalescence.

4. Surface tension low enough to allow penetration.

5. Transparent and chemically inert.

The mixture compositions which met these criteria for the vegetable oils are
listed in Table II. The miscibilities of the fuels and their immersion liquids
were checked by shaking measured volumes of the materials and remeasuring after
separation. The mixtures of Table II were judged immiscible®! No combination
of liquids could be found for diesel for which the miscibility was less than 5%.
Hexadecane could not be tested because its low density could not be matched by
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Table IT Immersion Liquid Compositions

Water Ethanol Methanol Propanol methyl—
FUEL (iso) Cellulose
Rape 0il 30% 50% 0 20% 4g/100ml
me—-Ester 20% 20% 40% 20% 3g/100ml

any liquids which were inert to higher hydrocarbons. The equality of immersion
liquid and fuel densities was ascertained by observing that a droplet of fuel
remained stationary when submerged in the liquid. The viscosity was adjusted
by reducing the proportion of me-cellulose until obvious movement of the fluid
occurred during transport of the container.

Sampling Procedure

A glass bottom container with approximately 0.75 mm of immersion liquid
was placed in the spray chamber at distance d (Fig.3) from the injector. The
spray distance was related to chamber density pgamer DY

p 1/2
d = 500mm {—"—— } ,
P chamber

po = density of air at standard conditioms.

This distance was decreased in order to prevent the increased spray angle at
higher densities from reducing the droplet densities beyond reasonable levels.
The validity of this procedure depends on the direct dependence of the drag
force, and therefore the droplet deceleration, on the media density.

The first sample was taken under atmospheric conditions. Carbon dioxide
(at room temperature) was used as the ambient gas for higher pressure tests.
This resulted in the densities and equivalent pressures listed in Table III.
Calculations are based on the ideal gas law and a mean molecular weight for air
of 29.01 (best estimate

of representative engine Table III Sampling Conditions.

operating conditions).

The cylinder pressures Gas  Pressure Density Air Equivalent
at the time of injection (KPa) (Kg/m:‘l) (KPa)

are certain to be

contained in the range Air 90 1.0 90 at 298 K
between the last two co, 300 5.8 1500 at 900 K
sampling pressures of co, 575 11.1 3800 at 1100 K
Table III. However,

local temperatures in

the spray jet have been predicted by engine simulations!’ to fall as low as 600
K. Therefore, the last set of sampling conditions is felt to be the most
representative of actual in—-cylinder injection conditioms.
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After the chamber was pressurized, the injection pump was brought to a speed
equivalent to an engine speed of 1500 RPM. When the line pressure traces
stabilized, the shutter trigger circuit was enabled. The shutter solenoid was
energized when triggered by an IR photodarlington aligned with a timing disk on
the injection pump shaft. Most samples consisted of a single injection. The
immersion liquid was removed as soon as possible and microphotography was
completed within 10 minutes of the injection.

Samples were photographed with an SIR camera mounted on a Unitron
microscope. 200 ASA color print film was utilized. A total magnification of 1:140
was used for the Rape 0il
droplets and the me—-Ester

5};2;0%Tizgsma;;eirfeicaz?l;:rf Distance from center of spr ay cmm)

Twelve photographs were G S 10 1S 20 25 30 40 50 60 70 90
obtained from each spray T T | i | | |
sample at the 1locations a o a o a o o o o
outlined in Fig N The Ej _r‘-l:] \_ Camera Tield of view
camera field of wview h

noted in Fig.4 was 5 mm J

by 2 mm for the rape oil - : e
photographs, and 2.5 by 1 Figure 4 Sampling Positions

mm for me-Ester.

Parallax causes the apparent dimensions of the object photographed to change
with vertical movement. The parallax error of the microscope was measured by
photographing a micrometer 1 mm above and 1 mm below the position at which it
was most clearly focused. A value of 3.6% per millimeter of vertical movement
was determined. The range of the displacement from the exact focus point is
bounded by the depth of the immersion liquid which averaged 1 mm.

Distribution Determination

Droplet radii were obtained by digitizing three surface points on each
droplet. A scale, photographed at each magnification, provided the reference
dimension. It was estimated that all droplets were photographed within 2 mm of
the vertical position of the scale. With the parallax error of 3.6%/mm and a
scaling range of 1%, radii determination uncertainties are of order * 8%. In
addition, it was felt that this procedure was biased against smaller droplets
because they are not readily resolved at these magnifications. Therefore, the
resulting radii distributions could be misleading but the distribution of volume
with respect to radii is qualitatively correct.

The distribution of droplet radii was assumed to be symmetric about the
spray center. This assumption leads to the following approximation to the
weighting function;

wy =03 - 0% , j=1 to 12 ,
where w; is the weighting factor of photograph j and I; I; are defined in Fig.4.

d
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Figure 5 Droplet Size Number Distributions




The radii determined for the photographs were multiplied by their weighting
factors to describe the size distribution of the total spray. An estimate of
the proportion of droplets lying outside the symmetry line sampled by photograph
12 (usually 0) was added to photograph 12. Radii were segmented into 12
partitions of 20 um each (0 to 20, 20 to 40, ...). Figures 5a through 5f are
histograms of the results for rape oil and me-Ester. Droplet size distributions
can usually be adequately fit by the equation:

1 -3
P(r) = - exp{ r/raz}dr
r

where P(r) is the probability distribution function and r,, is the
Sauter Mean Radius (SMR);

=rd
32 = —

sr?

A curve typical of diesel is included in Figures Se and 5f for comparison. This
was derived with an SMR of 50 um®? The size distribution of hexadecane was
assumed to be the same as that of diesel because their surface tensions differ
by only 6%. The SMR'’s of the rape oil and me—Ester for the three test conditions
are listed in Table 5. These values produced unacceptable fits for the size
distributions of these fuels. The use of conventional expressions for these
fuels was prevented by the unique aspects of their distributions which are
discussed next.

Important characteristics of the size distributions are more evident if
the volume probability is computed. This can be done simply by multiplying P(r)
by the corresponding volume. In the discrete form, the number of droplets in
each partition is multiplied by a
factor proportional to the mean volume

R e —n e of the partition ; {r§+ri}. Results are

shown in Figures 6a through 6f. The
Pressure Rape 0il me-Ester |. djesel curve was derived from data®®
(MPa) (um) (um) which was taken at 3.0 MPa. This format

emphasizes the tendency of the
0.1 86 59 vegetable oil and the me-Ester to form
1.5 89 35 bimodal size distributions. Of special
3.8 121 95 interest is the fact most of the

distributions show at least some
probability in the 50 to 70 um range
which is the maximum probability of conventional fuels®® The existence of
droplets smaller than the nozzle radius (90 um) shows that breakup processes can
act upon these fuels. Therefore, the size distributions of these fuels will be
influenced by the fuel properties which affect the breakup mechanism — surface
tension, density, and viscosity.
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CONCLUSIONS

The interpretation of the properties of Rape 0il and its ester with current

theory of diesel engine combustion gives a perspective on the potential of these
alternate fuels. The important parameters are those which affect spray formation
and vaporization. Several observations are useful;

1.

The slightly higher surface tension of Rape 0il and me-ester produces
droplet size distributions with SMR’s double those of conventional fuels
when injected under engine conditions.

.The alternate fuels have higher heat capacities than diesel ~— approximately

50% greater specific heats and 3% greater densities at initial injection
temperatures.

.The pressure dependence of the boiling points of most fuels implies that

supercritical behavior is possible.

.To reach critical temperature, diesel requires enough energy to heat it to

658 K, me—Ester must reach 692 K, and Rape 0il must be heated to 765 K.

.At a temperature of 652 K, below the critical point of any of the fuels,

the vapor presure of me—-Ester reaches that of diesel — over 200 KPa. At
this temperature, the predicted vapor pressure of Rape 0il is 0.4Pa.

Therefore, sprays of Rape Oil and me-Ester can be characterized by their large
droplets with higher heat capacities than conventional fuels. However, the me-
Ester shows a potential for subcritical vaporization rates similar to those of

diese

1, while Rape 0il vapor is only formed at much higher temperatures.

NOTATION
ENGLISH
Cp constant pressure specific heat, J/g-K. Refers to liquid.
d distance from injector nozzle to immersion liquid, mm.
AHiom, specific enthalpy of combustion, J/g.
AH,,, specific enthalpy of vaporization, J/g.
P pressure, Pa.
P volume probability.
Py, Vvapor pressure, Pa.
r droplet radius, um.
T3y Sauter mean radius.
T temperature, K.
Ty boiling temperature, K.
GREEK
o coefficient of vapor pressure relationship, Table I.
A thermal conductivity, W/me<K
p density, Kg/m°.
o surface tension, mN/m?.
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APPENDIX

Table IV References for Fuel Properties
(numbers refer to the notes which follow)

HEXADECANE DIESEL RAPE OIL ESTER

Heat of Combustion 1 2 3 4
Heat of Vaporization 5 6 7 8
H:C ratio 9 10 11 12
0:C ratio 13 14 15 16
Molecular Weight 17 18 19 20
Critical Temperature 21 22 23 24
Boiling Point 25 26 27 28
dT,/dP 29 30 31 32
Density 33 34 35 36
dp/dT 37 38 39 40
Cp 41 42 43 44
dc,/dT 45 46 47 48
Conductivity 49 50 51 52
dx/dr 53 54 55 56
Surface Tension 57 58 59 60
do/dT 61 62 63 64
Viscosity 65 66 67 68
Vapor Pressure 69 70 71 72
1. Ref.16, pp279.

2. Ref.17.

3. Ref,18. Original data is for a 50:50 rape oil:diesel blend. Converted with

the heat of combustion of diesel (Ref.l17). Dwarf Essex variety.

Ref.18.

Ref.16, pp278.

Ref.16, pp278. Value is for dodecane.

Ref.20. Value given is estimated from triglyceride data. Esimated
uncertainty = 340 J/g.

8. Ref.20, Value is an average of methyl esters common to rape oil. Estimated

uncertainty = *60 J/g.

9. Calculated for 100% C;gH,,.

10. Ref.19, ppll4.

11. Ref.21, pp24.

12. Ref.21, pp24.

13. Calculated for 100% C,gH,,.

14, Ref.19, ppll4.

15. Ref.21, pp24. ‘

16. Ref.21, pp24.

17. Calculated for 100% CygHj,.

18. Ref.19, ppll4.

19. Ref.21, pp24.

20. Ref.21, pp24.

21. Ref.16, pp279.

~Noyo

14



22.
23.
24,
25.
26.
27.

28.
29.
30.
31.
32.
33.
34,
35.

36.
37.
38.

39k
40.

41.
42,
43.
44,
45,

46.
47.
48.
49.
50.
51.
52.
53.
54.
55.

56.
57.
58.
59.
60.

61.
62.

Ref.16, pp279. Value given is that of dodecane.

Calculated from surface tension versus temperature relationship.
Calculated from surface tension versus temperature relationship.
Ref.22, a-1011.

Ref.17. Value is the 10% point of distillation curve.

Ref.18, 17. Values derived from distillation curves of a 50:50
diesel:rape blend and the diesel distillation curve. 10% point.

Ref.
Ref.
.22,
Ref.
Ref.
Ref.
Ref.
Ref.

Ref

Ref.
Ref,
Ref.

Ref
Ref

Ref.
Ref.
Ref.
Ref.
Ref.

Ref.
Ref.
.24,
.25,
.25,
Ref.
Ref.
Ref.
Ref.
Ref.

Ref
Ref
Ref

Ref.
Ref.

17.
22,

22,
22,
22,
17.
18.

17.
22,
22,

.20.
.20,

23,
19,
24,
24,
23.

22,
24,

26.
20.
25.
25.
20.

20.
22,

Value is the 10% point of distillation curves.

pp a—1011.

pp a-1011l. Value is that of dodecane.

pp a-1011l. From eicosane, CyH,,.

PP a-1011. From eicosane, CyyH,,.

pp d-E-1015.

Measured at 288.7 K. Adjusted with dp/dT.

Measured at 288.7 K. Adjusted with dp/dT. Adjusted from a
value for 50:50 rape oil:diesel.

Measured at 288.7 K. Adjusted with dp/dT.

pp d-E-1015. Linear fit with data from 300 and 394 K. r2 > 0.99.
pp d-E-1015. Linear with dodecane data from 300 to 394 K.
r? > 0.99.

Value given is representative of vegetable oils.

Value given is the midpoint of a range (-0.0005 to

—0.001) representative of methyl esters of vegetable oils.
pp43. Extrapolated from value at 321 K.

pp452. Estimated uncertainty = 0.4 J/g/K.

Description of procedure appears in this paper.
Description of procedure appears in this paper.
Extrapolation of linear fit with data from 295 to 395 K.
r? > 0.99.

pp ve~1560. From decane data points at 413 and 423 K.
Description of procedure appears in this paper. r? = 0.99.
Description of procedure. appears in this paper. r? = 0.99.

Pp 12A1.1.

Value is that of dodecane.

Adjusted from 298 K valueée with do/dT.

Value given is for oleic acid.

Linear fit with data points at 291 and 560 K.

Linear fit with dodecane data points at 263 and 489 K.

Value given is average on data for olive oil (-0.00013 over 292 to
344 K) and castor oil (-0.000086 over 293 to 473 K).

Linear regression on oleic acid data from 363 to 421 K. r? > 0.99.
pp e-1011.

Determined at University of Idaho. Description of procedure appears in
this paper.

Determined at University of Idaho. Description of procedure appears in
this paper.

Determined at University of Idaho. Description of procedure appears in
this paper.

Ref.22, pp e-101l1. Linear fit through data from 298 and 395 K. r2 = 0.99.
Determined at University of Idaho. Description of procedure appears in
this paper. r? = 0.99.
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63.

64.

65.
66.
67.
68.
69.
70.
71.
72.

Determined at University of Idaho. Description of procedure appears in
this paper. r? > 0.99.

Determined at University of Idaho. Description of procedure appears in
this paper. r? = 0.99.

Ref.22, ppc—-E-1012.

Ref.17.

Ref.27, pp79. From measurements performed at University of Idaho.
Ref.18.

Ref.16, pp275. From values at 373 and 723 K.

Ref.16, pp275. From values for light fuel oil at 373 and 773 K.
Ref.20. From values for soybean oil at 527 and 581 K.

Ref.20. From values at 397 and 494 K for methyl stearate.
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