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Density and Viscosity of Low.Molecular Weight Triglycerides 
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The viscosities of tributyrin (C4:0) and binary mixtures of 
this triglyceride with a diesel fuel, tricaproin (C6:0), and 
tricaprylin (C8:0) were determined for the temperature 
range --5 to 85~ and for shear rates of 1.62-64.7 s -1. The 
resulting dynamic viscosities were fit to a power law model 
to obtain values for the consistency coefficient and the 
flow behavior index. These results indicated slightly pseu- 
doplastic flow behavior (indices ranged from 0.94 to 0.99) 
for tributyrin and its mixtures. The calculated consistency 
coefficients for tributyrin and those previously obtained 
for tricaproin, tricaprylin and tricaprin were fit by a least- 
squares method to the three-parameter Vogel model to ac- 
count for the effect of temperature. An ideal solution rela- 
tionship and the Kendall-Monroe model were used to pre- 
dict the density and consistency coefficients, respectively, 
for binary and quaternary mixtures of these low-molecular 
weight triglycerides. 

KEY WORDS: Consistency coefficient, dynamic viscosity, flow 
behavior index, shear rate, tributyrin, tricaprin, tricapmin, tricaprylin. 

Vegetable oils have potential use as alternate fuel sources 
or fuel extenders (1). Unfortunately, most vegetable oils have 
viscosities sufficiently higher than diesel fuel, making it im- 
practical to use them without chemical modification. Oils 
that  contain significant fractions of low-molecular weight 
triglycerides may be suitable for direct use as fuel extenders. 
In fact, a few oilseed crops, such as Cuphea species (2), con- 
rain oils predominantly composed of these triglycerides (par~ 
ticularly tricaprylin and tricaprin). Recombinant DNA trans- 
fer techniques might make it possible to transfer genes that  
control the synthesis of low-molecular weight triglycerides 
from species such as Cuphea into more well established 
oilseed crops. An understanding of the physical properties 
of these triglycerides will be necessary to support the de- 
velopment of fuel or fuel extenders and diesel engines for 
these plant oils. Previous investigations of physical proper- 
ties of pure low-molecular weight triglycerides include vapor 
pressure (3) and density (4) measurements over wide ranges 
of temperature This work continues a previous study (5) 
that  examined the density and the rheological properties 
of four low-molecular weight triglycerides (tributyrin, tri- 
caproin, tricaprylin and tricaprin) and diesel fuel, as well as 
their mixtures. Tributyrin (CA:0), tricaproin (C6:0), tn'caprylin 
(C8:0) and tricaprin (C10:0) are an analogous series of sattm 
ated triglycerides from straight-chain fat ty acids with 
molecular weights of 302.3, 386.5, 470.7 and 554.9 g/tool, 
respectively. 

The density (0 of a fluid is its mass per unit volume The 
density of an ideal mixture at a given temperature is related 
to the summation of each pure component (i) density and 
mole fraction (x) by: 

~MIX -~ ~ Xi~i [1] 

The apparent dynamic viscosity (~) of a fluid is equal to 
the ratio of the shear stress to the applied shear rate, i. This 
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ratio is a constant for Newtonian fluids, and therefore the 
viscosity does not depend on the shear rate for these fluids. 
Non-Newtonian fluids exhibit viscosity behavior that  is a 
function of the applied shear rata One common method used 
to characterize the general relationship between shear rate 
and the viscosity of fluids is a simple power law equation 
that  contains a proportionality constant, called a consis- 
tency coefficient (K): 

= K~ )v-1 [2] 

This equation simplifies greatly for Newtonian fluids, which 
have a flow behavior index (N) of unity. For such fluids, 
Equation 2 reduces to q = K, and thus the apparent viscosi- 
ty  remains constant. A flow behavior index less than unity 
indicates pseudoplastic behavior, whereas an index greater 
than unity corresponds to dilatant behavior. The consistency 
coefficient (K) is proportional to the viscosity of the fluid. 
Because viscosity is a strong function of temperature, the 
values of the two parameters, N and K, may change with 
temperature No general law exists for predicting the effect 
of temperature on the flow behavior index. If one assumes 
that  the value of this index does not change significantly 
with temperatur~ then the consistency coefficient of pure 
compounds may be related to temperature by one of several 
empirical models, such as that  suggested by Vogel (6): 

B 
InK = A + - -  [3] 

C + T  

The units of temperature (T) in Equation 3 are degrees 
Celsius (~ and A, B and C are fitted parameters. 

Another common requirement in engineering calculations 
is a method to determine the viscosity of a mixture solely 
from more readily available viscosities of each pure compo- 
nent. Although several empirical and theoretical models ex- 
ist for the prediction of mixture viscosities (7), a convenient 
model is based on the studies of Kendall and Monroe (8,9). 
The general equation is: 

~} i x  = Z x,~? [4] 

If the flow behavior index for the nfixture is identical to the 
indices for each pure triglyceride (i) at a given temperatm'e, 
then Equation 4 may be rewritten in terms of the consis- 
tency coefficients: 

K'I~IIX = ~- xiK'[ ~ [5] 

Newtonian behavior is not required for Equation 5 to be 
valkL 

Equations 3 and 5 are useful for predicting mixture con- 
sistency coefficients and, hence, viscosities at any tempera- 
turn The procedure is to measure the viscosity of a pure 
component over a range of temperature, determine the com- 
ponent's consistency coefficients by Equation 2 and then 
calculate the three parameters in Equation 3. With these 
three parameters for each pure triglyceride, Equation 5 may 
be used to predict the consistency coefficient at any temp- 
erature for any mixture made up of these components. 
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Formally, this procedure relies on the triglycerides having 
identical flow behavior indices and on the flow behavior in- 
dices not varying significantly with temperature. These as- 
sumptions may be made for mixtures of the molecularly 
similar triglycerides being considered, but must nevertheless 
be validated by experimental evidenc~ 

MATERIALS AND METHODS 

Oil and fuel samples. Samples of 99+% tributyrin,  tri- 
caproin, tr icaprylin and tricaprin were purchased from 
Sigma Chemical Company (St. Louis, MO). A low-sulfur 
(0.05%) diesel fuel with an average molecular weight of 
204 g/mol and a densi ty at  25.0~ of 0.8399 g/mL (5) was 
obtained from the Phillips 66 Company (Borger, TX). 
Several mixtures were prepared by combining measured 
masses of pairs of these oils. 

Density measurements. Liquid density at  25.0~ and 
atmospheric (room) pressure was calculated by measur- 
ing sample mass once in a 10-mL pycnometer. Results ob- 
tained with other  tes t  samples of known densities sug- 
gested an accuracy of approximately __ 0.0003 g /mE 

Viscosity measurements. Viscosity was measured for 
each liquid sample at least in triplicate with a Brookfield 
Synchro-metric LV viscometer and a UL adapter (Stough- 
ton, MA). This immersion-type concentric cylinder visco- 
meter  generated eight discrete shear rates between 0.32 
and 64.7 s -1. The accuracy and reproducibility of this in- 
strument were 1 and 0.2% of full-scale, respectively. Obser- 
vations tha t  fell below 5% of full-scale at a given shear 
rate were considered not  to be within the instrument 's  
range and were not  recorded. A circulating temperature  
bath  containing ethylene glycol/water provided up to 
seven constant  temperatures  for experimentation: - 5 ,  
10.0, 25.0, 40.0, 55, 70 and 85~ During a series of vis- 
cosity measurements, the three temperatures of 10.0, 25.0 
and 40.0~ were maintained to an accuracy of +-0.1~ by 
calibration with an ASTM 63C standard thermometer.  
The other temperatures  were maintained to an accuracy 
of _0.5~ 

RESULTS AND DISCUSSION 

Pure liquids. The density of pure tr ibutyrin at 25.0~ was 
measured to be 1.0279 g/mL. This liquid density is slightly 
higher than that  of pure C6:0 (0.9742 g/mL) and pure C8:0 
(0.9507 g/mL) (5). Pure C10:0 is a solid at 25.0~ 

Figure 1 shows the apparent  viscosities of pure C4:0 as 
a function of shear rate for temperatures of -5 -85~  The 
solid curves on these figures result from least-squares 
regressions of each data  set to Equat ion 2 (the correla- 
tion coefficient ranged from 0.84 to 0.95). Figure 1 shows 
tha t  the apparent  viscosity of t r ibutyr in  decreased with 
increasing shear rate, indicating pseudoplastic behavior. 
In the temperature range studied, the viscosity descreased 
by about  40% for each 15 ~ C temperature  increase. As ex- 
pected, the viscosity of C4:0 at  a given temperature  and 
shear rate was lower than  the viscosity for C6:0, C8:0 or 
C10:0, as measured previously (5). 

Figure 2 presents the actual f i t ted values for the con- 
sistency coefficient and the flow behavior index of pure 
C4:0 viscosities at  each temperature. Because the visco- 
si ty is proportional to the consistency coefficient, these 
data  in Figure 2 illustrate the effect of temperature  on 
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FIG. 1. Apparent dynamic viscosity (~) of tributyrin (C4:0) vs. shear 
rate: --5.0~ A; 10.0~ , ;  25.0~ �9 40.0~ A; 55~ El; 70~ e ;  
and 85~ V. Solid curves are results of least-squares regression of 
data to Equation 2. 
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FIG. 2. Consistency coefficient (K, O) and flow behavior index (N, 
&) for pure tributyrin (C4:0) vs. temperature. Solid curve indicates 
result of least-squares regression of consistency coefficient to the 
Vogel model (Equation 3). 

viscosity. The solid curve in this figure is the resulting 
least-squares regression of the data  to the Vogel model, 
Equat ion 3. Because only two or three viscosity mea- 
surements fell within the instrument 's  range at the three 
highest temperatures, the values determined for the con- 
sistency coefficient and the flow behavior index are less 
accurate at these temperatures  than  at lower tempera- 
tures. The calculated Vogel parameters are shown in Table 
1 in addition to those for the three larger triglycerides (5). 
The flow behavior index data illustrate tha t  C4:0, like the 
other three pure triglycerides (5), is slightly pseudoplastia 
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TABLE 1 

Calculated Parameters in the Vogel Model, Equation 3, Relating the 
Consistency Coefficient to Temperature for Pure Triglycerides a 

Triglyceride A B C n R 

C4:0 -3 .047 882.0 139.6 7 1.000 
C6:0 -0 .744  336.6 76.6 6 1.000 
C8:0 -2 .911 996.7 138.7 6 1.000 
C10:0 -1 .332 559.2 89.7 4 0.998 

an is the number of data points in the regressed model; R is the cor- 
relation coefficient. 

Binary mixtures. Three binary mixtures containing 
t r ibutyrin were studied--C4:0/C6:0, C4:0/C8:0 and 
C4:0/diesel. Figure 3 shows the liquid densities for these 
mixtures as functions of C4:0 mole fraction. The density 
for each of the three mixtures was close to linear with 
respect to composition, with C4:0/C6:0 showing a slight 
(less than 1%) negative departure from ideal solution 
behavior, and C4:0/C8:0 showing a 1-2% negative depar- 
ture from ideal solution behavior. Using Equation 1 to 
predict the densities of the two triglyceride mixtures 
would result in as great as a 2% overprediction of the true 
density. Although a multicomponent mixture, C4:0/diesel 
showed a 1% positive departure from "ideal" solution 
behavior. 

The viscosity of each of these binary mixtures was 
measured as a function of shear rate and temperature. For 
each mixture studied, such measurements yielded ap- 
parent viscosity data analogous to those shown in Figure 
1. For each temperature and composition, these data were 
fit to Equation 2 to yield values for the consistency coef- 
ficient and flow behavior index (correlations of the lower 
temperatures ranged from 0.85 to 0.98). 

Figure 4 shows the consistency coefficient for the 
C4:0/C6:0 mixture as a function of C4:0 mole fraction for 
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FIG. 4. Consistency coefficient (K) for binary mixtures of tributyrin 
(C4:0) and tricaproin (C6:0): --5.0~ A; 10.0~ m; 25.0~ O; 40.0~ 
A; 55~ D; 70~ e ;  and 85~ V. 

the seven temperatures studied. As expected, the larger 
the fraction of C6:0 in the fluid, the greater the consistency 
coefficient (and therefore the greater the apparent vis- 
cosity). The solid curves on this figure are predictions from 
Equations 3 and 5. As Equation 5 predicts, the con- 
sistency coefficients were roughly linear with mole frac- 
tion. In other words, a 50:50 (mole percent) mixture of C4:0 
and C6:0 resulted in a fluid with a consistency coefficient 
and viscosity midway between those of pure C4:0 and C6:0 
on the log scale. 

Figure 5 shows the consistency coefficient for the 
C4:0/C8:0 mixture as a function of C4:0 composition. As 
expected, the larger the fraction of C8:0, the greater the 
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FIG. 3. Densities (0 at 25.0~ of binary mixtures containing 
tributyrin and diesel (O), tricaproin (C6:0, ZX) and tricaprylin (C8:0, 
m). Solid lines are theoretical predictions given by Equation 1. 
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FIG. 5. Consistency coefficient (K) for binary mixtures of tributyrin 
(C4:0) and tricaprylin (C8:0): 10.0~ , ;  25.0~ O; 40.0~ A; 55~ 
[7; 70oc, e ;  and 85~ V. 
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viscosi ty of the mixture. The da ta  in Figures 4 and 5 at  
higher tempera tures  become more scat tered because, as 
noted before, only two or three measurements  were within 
the ins t rument ' s  range. 

The flow behavior  index (not shown) for each of these 
two mixtures  decreased slightly with tempera ture  (--5 to 
85 o C) from approximate ly  0.97 to 0.93. For tempera tures  
less than  55 ~ where more measurements  could be made. 
the flow behavior index for each mixture studied remained 
between 0.960 and 0.975. 

Figure 6 shows the consistency coefficient at  seven 
tempera tures  for the binary mixture  of C4:0/diesel. Al- 
though Equation 5 was not  used for the prediction of these 
consistency coefficients (because diesel is heterogeneous), 
the mixtures  a t  the three lowest temperatures  do follow 
this ideal empirical model. Tha t  is, a 50:50 mixture would 
have a viscosity midway on the logarithmic scale between 
the viscosities of pure C4:0 and diesel. At  -5~  tr ibutyrin 
was about  350% more viscous than  diesel, whereas at  
85~ this difference was reduced to 40%. 

Quaternary mixtures. Equat ions 1 and 5 provide means 
to est imate the density and consistency coefficient, respec- 
tively, for mult icomponent mixtures, provided they behave 
as ideal mixtures.  

a 

K lo 

1 
0.0 

I I 

A �9 

�9 0 

0 
0 �9 

�9 [ ]  [ ]  

~ v v 
V 

i i i I I I I 

0.5 

i 

0 100 
.0 

Mole Fraction C4:0 
FIG. 6. Consistency coefficient (K) for mixtures of tributyrin (C4:0) 
and diesel: --5.0~ A; 10.0~ I ;  25.0~ O; 40.0~ b; 55~ [~; 70~ 
O; and 85~ V. 

Table 2 shows the composi t ion of six different quater- 
nary  mixtures  of the four low-molecular weight trigly- 
cerides selected for study. This table also compares the 
observat ion with the densities predicted by Equat ion 1 
for these mixtures. In general, the predicted densities are 
greater  than  the observed values by about  one percent. 
These results  are fur ther  evidence tha t  mixtures  of tri- 
glycerides show slight negative departure from ideal solu- 
tion behavior  at  25~ 

Figures 7, 8 and 9 show the observed and predicted con- 
sistency coefficients for the six qua ternary  mixtures 
studied. Excep t  for mixture  C (Fig. 8), the prediction by 
Equat ions  3 and 5 is excellent. For mixture  C, which has 
the highest fraction of C6:0 of all the mixtures, the model 
overpredicts the observation by less than  2% at  low temp- 
erature" but  by  about  20% at  the highest  temperature.  
There is no explanat ion for the difference between the 
observed and predicted consistency coefficients for this 
composition. The measured flow behavior  indices for all 
these mixtures  were between 0.94 and 0.99. 
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FIG. 7. Consistency coefficient (K) vs. temperature for quaternary 
mixtures of triglycerides {see Table 2 for compositions): mixture A, 
O; mixture B, A. Solid curves are theoretical predictions given by 
Equation 5. 

TABLE 2 

Compositions and Predicted (PRED) and Observed (OBS) Densities at 25.0~ 
for Quaternary Mixtures of Triglycerides Selected for Study 

Mixture xc4 XC6 XC8 XC10 a QOBS ~PRED % Error 

A 0.1368 0 .4151  0 . 3632  0 .0849  0 .9635  0.9693 -0.60 
B 0.1159 0 .0988  0 .4067  0 .3786  0 .9479  0.9543 -0.67 
C 0.1105 0 .5948  0 .1975  0 .0972  0 .9639  0.9712 -0.75 
D 0.1568 0 .1457  0 .5977  0 .0999  0 .9563  0.9642 --0.82 
E 0.3091 0 .2516  0 .2370  0 .2023  0 .9658  0.9764 -1.09 
F 0.6047 0 .1844  0 .1078  0 .1031 0 .9878  0.9996 -1.18 

aLiquid density of pure tricaprin estimated at 25.0~ to be 0.9304 g/mL from extrapola- 
tion of data from Phillips and Mattamal (4). 
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FIG. 8. Consistency coefficient (K) vs. temperature for quaternary 
mixtures of triglycerides (see Table 2 for compositions): mixture C, 
O; mixture D, A. Solid curves are theoretical predictions given by 
Equation 5. 
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FIG. 9. Consistency coefficient (K) vs. temperature for quaternary 
mixtures of triglycerides (see Table 2 for compositions): mixture E, 
O; mixture F, A. Solid curves are theoretical predictions given by 
Equation 5. 

The power law equat ion provided a successful model of 
the rheological behavior of t r ibutyr in  and the three binary 
mixtures with this triglycerid~ The behavior of all liquids 
studied was slightly pseudoplastic, with flow behavior  in- 
dices being slightly less than  one. As expected, the visco- 
s i ty at  any tempera ture  and shear  rate  studied increased 
for triglycerides and mixtures  of progressively larger 
molecular weight. While progressively lower-molecular 
weight triglycerides approached the viscosi ty of diesel, 
they depar ted  from the low densi ty  of diesel fuel. The 
three-parameter Vogel model was excellent for correlating 
the consistency coefficients of the  pure tr iglycerides for 
the tempera ture  range of - 5  to 85~ Mixtures  of tri- 
glycerides showed slight negat ive depar ture  f rom ideal 
solution behavior  for the calculation of density. For the 
prediction of the viscosi ty  of mixtures,  the  Kendall- 
Monroe empirical model provided generally excellent cor- 
relation of the observed consistency coefficients of binary 
and qua te rnary  mixtures.  
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