Journal of Petroleum Exploration and Production (2021) 11:1505-1520
https://doi.org/10.1007/513202-021-01101-9

REVIEW PAPER-PRODUCTION ENGINEERING q

Check for
updates

Viscosity models for bitumen-solvent mixtures

Olalekan S. Alade'® - Dhafer A. Al Shehri' - Mohamed Mahmoud' - Samuel Olusegun* - Lateef Owolabi Lawal’ -
Muhammad Shahzad Kamal? - Ayman Al-Nakhli3

Received: 26 August 2020 / Accepted: 25 January 2021 / Published online: 22 February 2021
© The Author(s) 2021

Abstract

Viscosity is the resistance of a material to continuous deformation exerted by shear force. High viscosity, which is sometimes
greater than 1 million mPa s, at the initial reservoir conditions, is a major challenge to recovery, production, and transporta-
tion of bitumen. Addition of organic solvents or diluents with bitumen leads to significant viscosity reduction and forms the
basis for the steam/solvent-assisted recovery methods of extra-heavy oil and bitumen. Therefore, modeling and predicting
viscosity of bitumen—solvent mixture has become an important step in the development of solvent-assisted system. The aim
of this article is to present a concise survey of the various viscosity models that have been proposed to predict the viscosity
of bitumen—solvent mixtures, and make comparative discussion on their applicability. Available reports revealed that the
accuracy of a model to predict the viscosity of bitumen—solvent mixtures depends on various factors including the type and
concentration of solvents, and the properties of the bitumen. Thus, no model has been found to have absolute capability to
predict the viscosity for all mixtures. Therefore, there is room for further improvement on the viscosity modeling of bitu-
men—solvent system for wider applications.
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¢ Molar volume fraction temperatures (Lesueur 2009; Redelius and Soenen 2015).
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@ Binary weighting factor ing high-energy consumption during recovery, high-pres-
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Solvent-assisted methods have been introduced in bitu-
men recovery and production to serve as alternatives to
Introduction the thermal recovery methods, which have various disad-

Heavy oil is an important energy resource with commercial
availability in several places around the world including
Canada, Venezuela, USA, China, etc. (Clark et al. 2007).
The generic term heavy oil has been arbitrarily used to
describe both the heavy oils that require thermal stimulation
of recovery from the reservoir and the bitumen (or extra-
heavy oil) in bituminous sand formations from which the
heavy bituminous material is recovered by mining opera-
tion (Speight 2006). The conventional light crude oil has
viscosity as low as 10-100 mPa s at the reservoir tempera-
ture and pressure, and greater than 20° API gravity. On the
other hand, crude oil is categorized as heavy oil if it has
the viscosity between 10 and 10° mPa s, and lower than
20° APIL. It is referred to as extra heavy oil or bitumen if
it has lower than 10° API with the viscosity of up to 10°
mPa s at the reservoir conditions (see Fig. 1). Bitumen has
been defined as an involatile, adhesive, and waterproofing
material derived from crude petroleum (as vacuum residue),
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vantages including high energy, and water consumption,
water pollution and emission of greenhouse gas (Azinfar
et al. 2015; Haddadnia et al. 2018b). Essentially, addition
of diluents and organic solvents with bitumen leads to sig-
nificant viscosity reduction (Shu 1984; Mehrotra 1990;
Miadonye et al. 2001). Better still, injection of steam along
with solvent, or combination of both, is an efficient method
to extract bitumen. Steam and solvent injection into a bitu-
men reservoir reduces the viscosity (through solvent dis-
solution and asphaltene precipitation) and improves the
recovery (Imai et al. 2013; Kariznovi et al. 2013; Nouro-
zieh et al. 2015a, b; Azinfar et al. 2017; Nasr and Ayodele
2006; Ardali et al. 2010; Chen et al. 2019; Sherratt et al.
2018). Similarly, co-injection of non-condensable gas, as
solvent, with steam causes thermal insulation effect at the
top of steam chamber, which subsequently reduces the heat
loss during a steam-based system such as SAGD (Azinfar
et al. 2018a). Thus, several solvent-based processes and the
hybrid ones have been proposed. These include non-thermal
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solvent-based method such as the vapor extraction process
(VAPEX), and the thermal-assisted methods including hot
VAPEX method (N-Solv), expanding solvent SAGD (ES-
SAGD), steam and gas push (SAGP), steam alternating sol-
vent process (SAS) and liquid addition to steam (LASER),
etc. (Butler and Mokrys 1992; Etherington and McDonald
2004; Motahhari et al. 2011, 2013; Pathak 2011; Imai et al.
2013; Azinfar et al. 2017, 2018a; Nourozieh et al. 2015a,
b, c; Zhang et al. 2019; Nourozieh et al. 2020). Essen-
tially, these processes offered many advantages including
improved production rate, in situ upgrading of the bitumen,
lower steam requirement, reduced consumption of natural
gas as well as reduction in the emission of greenhouse gas-
ses (Nourozieh et al. 2020). Typically, in the hot solvent
process such as steam/light solvents co-injection in SAGD
(see Fig. 2), heat is transferred to the oil concomitantly with
mass transfer of lighter components in the oil phase (Pathak
2011). Subsequently, the more-volatile solvent forms a vapor
zone between the steam front and the solvent condensation
zone. This ultimately increases the mobility and recovery
of bitumen.

The adverse effect of injecting solvent as well as other
diluents is due to cost, availability, and asphaltene precipita-
tion, which may occur due to disturbance of thermodynamic
equilibrium of the system and/or reduction of solubility of
asphaltene in the oil phase (Speight 2006; Azinfar et al.
2017). However, proper handling, by choosing a compat-
ible solvent and using right quantity, could minimize this
problem. Thus, several investigations focusing on enhance-
ment of the process have been carried out (Marciales and
Babadagli 2016; Zirrahi et al. 2017a, b, c; Sherratt et al.
2018). For this purpose, Marciales and Babadagli (2016)
investigated selection of optimal solvent using viscosity
and asphaltene precipitation parameters. The authors found
that solvents with low carbon number yield faster diffusion
with low mixing quality. On the other hand, the high carbon
number solvents were found to yield higher mixing quality

Steam+Solvent Front
depleted low-temp zone

Fig.2 Schematic illustration of solvent-steam bitumen recovery
mechanism ( Source: Pathak 2011)

with relatively low asphaltene precipitation. However, the
diffusion is low.

Viscosity is the resistance of a material to continuous
deformation exerted by shear force and/or resistance to
transport of momentum. However, it is one of the important
parameters in engineering design and simulation for bitumen
recovery, production, and transportation (Shu 1984; Centeno
et al. 2011; Zirrahi et al. 2014a; Nourozieh et al. 2015a, b;
Mishra and Kumar 2019). Accordingly, it becomes a key
thermophysical parameter required in design, modeling, and
simulation of the solvent-assisted recovery processes (Azin-
far et al. 2018a). Therefore, several efforts, including char-
acterization of thermodynamic equilibrium properties and
determination of solubility parameters of water and solvents
in bitumen (Azinfar et al. 2015, 2018b, 2018d; Zirrahi et al.
2014b, 2015, 2017a, b; Haddadnia et al. 2017, 2018a) and
model development to predict viscosity of heavy oil/bitu-
men-solvent mixtures (Shu 1984; Mehrotra 1990; Miadonye
and Britten 2001; Miadonye et al. 2001; Wen and Kantzas
2006; Centeno et al. 2011; Motahhari et al. 2011; Nourozieh
et al. 2015a, b; Zirrahi et al. 2017b; Azinfar et al. 2018c; Al-
Gawfi et al. 2019; Nourozieh et al. 2020), have been made.
However, these models vary in different aspects including
fundamentals of derivation and application. Hence, a com-
prehensive review is needed for further improvement. There-
fore, this article presents a concise overview of the various
viscosity prediction models for bitumen—solvent mixtures
that have been reported in the studies, and discusses the
mathematical background, flexibility of application, and
predictability of these models.

Survey of viscosity models for bitumen-
solvent mixtures

The functional relationship between the viscosity and prop-
erties such as temperature, pressure, mixture composition,
and velocity variations within the fluid has been expressed
using mathematical model. Thus, several viscosity models
for predicting viscosity of heavy oil or bitumen—solvent mix-
tures in the absence of experimental data have been devel-
oped. However, determining the suitable one for a specific
job is rather challenging (Centeno et al. 2011). Generally,
viscosity models that have been used for heavy oil or bitu-
men-solvent mixtures include the empirical correlations
derived from the thermophysical properties of the original
oils (i.e., density and viscosity) and the thermodynamic
properties of pure heavy oil and solvent components (Zirrahi
et al. 2017c; Azinfar et al. 2018a). These models are mainly
of two types, viz. empirical methods and semi-theoretical.
The empirical models are composition independent, and
hence, their reliability is not well defined in the literature
(Centeno et al. 2011). On the other hand, semi-theoretical
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models have fundamental basis to describe the viscosity as
function of pressure and temperature, and contain adjustable
parameters determined by fitting the model to experimental
data (Mishra and Kumar 2019). Specifically, the models for
bitumen—solvent mixtures include those based on mixing
rules (Shu 1984; Miadonye and Britten 2001; Centeno et al.
2011; Nourozieh et al. 2015a; b; Zirrahi et al. 2017a, b, c;
Azinfar et al. 2018a, b, c, Zirrahi et al. 2020), direct regres-
sion modeling (Wen and Kantzas 2006), the corresponding
states equations (Pedersen and Fredenslund 1987; Guo et al.
2001; Mishra and Kumar 2019), statistical thermodynamics
and the perturbed-chain statistical associating fluid theory—
PC-SAFT (Ma et al. 2016), expanded fluid viscosity correla-
tion (Yarranton and Satyro 2009; Motahhari et al. 2011), and
the NMR-based model (Bryan et al. 2003; Wen and Kantzas
2006). The following sections present basic descriptions of
these models.

Models based on mixing rules and their
modificationsModels based on mixing rules
and their modifications

One of the earliest approaches to estimate the viscosity of
multicomponent systems, originally developed by Graham
(1846), is the law of summation of partial viscosities of
individual components (4, = Y; (X;4;)). Susceptibly, due
to complex nature of heavy oil/bitumen, the conventional
mixing rules for the pure substances might not be generally
applicable to predict the viscosity of the mixture. However,
following the Graham’s law, several empirical correlations
and modifications including the Arrhenius (1887), Bingham
(1918), Kendall and Monroe 1917, Cragoe (1933), Lederer
(1933), Lobe (1973), Reid et al. (1977), Shu (1984), Chiri-
nos et al. (1983), and Miadonye et al. (2001) have been
developed to predict viscosity of binary hydrocarbon mix-
tures including bitumen—solvent mixtures. The mixing rules
are easy to apply, as they require experimental viscosity of
components and composition of mixtures in terms of volume
or weight fractions (Centeno et al. 2011).

Arrhenius equation

The log-type, Arrhenius’ mixing rule (Arrhenius 1887) is
commonly used in the reservoir simulators to predict the
viscosity of oil-blended mixtures. The model, like other mix-
ing rules, is based on the volume or weight fractions of each
component of the mixtures. The Arrhenius model is given
in Eq. 1 as follows:

X 1—x.
Hmix = Mg * /41(3 ) (1a)

and the natural logarithmic form;

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

In Uiy = Xg In i + (1= xg) In p (1b)

Using the Arrhenius mixing rule, Zirrahi et al. (2017c¢)
and Azinfar et al. (2018c) proposed a correlation for the
viscosity of bitumen and n-alkanes as presented in Egs. 2—4.
The dead bitumen viscosity was obtained from the correla-
tion reported by Mehrotra and Svrcek (Mehrotra et al. 1986:
Eq.2)

In(In (p5)) = [by + by In (T)] + b3P )

The parameters b, —b; are the fitting parameters tuned
using the experimental viscosity data. For solvent dissolved
in bitumen phase, an effective viscosity was assumed a func-
tion of temperature and pressure (Eq. 3):

//ls =C1 +C2T+C3T2+ <C4+C5T)P (3)

where ¢;—c5 are the fitting parameters obtained from the
experimental viscosity data for solvent-bitumen mixtures.

The final correlation for viscosity of the bitumen—sol-
vent mixture as a function of temperature and pressure is
expressed as follows (Eq. 4):

In p = xg1n (cl +c, T+ c3T2 + (C4 + CST)P)
+ x5 exp( [bl +b,In(T)] + b3P) )

Bingham equation

In order to calculate the viscosity of a binary mixture, the
Bingham equation (Bingham 1918) combines the theoretical
and experimental bases of viscosity of binary mixtures and
discarded the prevailing assumption that viscosities were
additive. Equation 5 is the Bingham model.
L _ Y%, "%

Hmix Hs HB

&)

Kendal and Monroe equation

The Kendall and Monroe’s equation (Kendall and Monroe
1917) predicts viscosity of oil blends by introducing an
exponent (n= 1/3) to the viscosity terms in the mixing rule.
As given in Eq. 6, the model was based on measurements of
mole fractions of the components.

1/3 1/3

_ 1/3
Hpix = *sHg

+ g ©)

Cragoe equation

Cragoe equation (Cragoe 1933) was developed based on the
fact that the mixture viscosity behaviour is not a linear function
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of the solvent fraction. The model incorporated the mixing
rules or the weighting factors, which combines the degree of
liquidity L, as a function of the weight fractions of the oil
and solvent (Egs. 7a, b). A linear form of Cragoe equation is
presented in Eq. 7c.

u=5x10"*exp (—1OOOLIH 20) (7a)
The function L is defined as:
L=wsus+w, g (7b)
1 _ Wy 4 1 —wy
In (200445)  In (2005) ~ In (20045) (7e)

Chirinos equation

The Chirinos equation (Chirinos et al. 1983) is a logarithmic
form of the mixing rule based on the experimental viscosity of
components and composition of mixtures in terms of volume
or weight fractions (Eq. 8).

loglog (Vs + 0.7) = wg[loglog (v + 0.7) — loglog (v +0.7)]

+ log log (vB + 0.7) ®)

Miadonye correlation

In developing a model to calculate the viscosity of bitu-
men—solvent mixture, Miadonye et al. (2001) used the vis-
cosities of original bitumen and solvent as endpoints, and the
diluent mass fraction was raised to a power of the viscosity
reduction parameter (72), which accounts for the sharp drop in
bitumen viscosity with increase in diluent mass fraction. The
following equation (Eq. 9a—9c) was proposed:

Himix = €XP [exp [a(l —xg) +1n pg — 1] (9a)
a=ln(lnyB—lnyS+1) (9b)
n= Hs

0.9029u5 + 0.1351 9¢)
Reid Equation

As expressed in Eq. 10, the Reid model (Reid et al. 1977) is
another mixing rule based on the experimental value of vis-
cosity of components and composition of mixtures in terms of
volume or weight fractions.

(Ws + WB)#S#B
Upiy = ——————— (10
WsHs + wg g

Lederer equation

The Lederer model (Lederer 1933) is a modified version of
classic logarithmic type (Arrhenius equation) of mixing rule,
with an adjustable parameter (), which can be assigned a
value between 0 and 1 (Eqgs. 11a—-11d).

In piy = xg In g + x In pigg (11a)
_aVg

ST AV + V, (11b)

xg=1-—1xg (11c)

I TP N Y (L S

np,, =(1—-———— ] ——— |In

Hnix aV+Vs) ST \avyrvg ) B
(11d)

Shu Equation

Shu (1984) developed a correlation, which generalized the
Lederer equation (Eq. 11). The model requires an auxiliary
term incorporating the densities and volume fractions of
the pure component (i.e., the adjustable parameter ). Shu
(1984) presented a modified adjustable parameter (a’) as
given in (12b). The Shu model is expressed as follows:

1 PPELAL T PR G B B
ny =(1—-———|)1In ——— )In
Hix aVg+Vs) ST \av, v v ) B

(12a)
0.5237 ,3.2745 _1.6316
o 17.04Ap Py pg
In [,,_B] (12b)
Hs
Ap = pg — ps (12¢)

Lobe equation

Lobe (1973) developed a correlation for calculating the
kinematic viscosity of liquid mixtures, which involves the
estimation of parameters from known liquid molar volume
of compounds and the molar fraction of the components
(Eq. 13a—13e).

Vimix = @sVs €Xp (anB) + @gVp €Xp (as¢s) (133)
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171 [VB] (13b)
a,. = 1./In | —
S VS
v vy 1/2
ag =0.271In [Vs] + <1.31n [%]) (13¢)
go= Vs
S mgvg + mgvg (13d)
mpVp
Py = (13e)

mgVvg + mgvpg

Power function

The power law model is a generalized form of Kendall and
Monroe model (Eq. 6) in which the viscosity of mixture is
directly dependent on the concentration of the components.
It simply introduced an exponent in the Kendall and Mon-
roe’s function, as given in Eq. 14.

o = [esp + (1= xg) ] (14)

The fourth root mixing rule

The fourth root mixing rule, also known as the quarter-law
mixing rule, is a form of the power function with exponent
(n = — 0.25) which makes use of mass fraction rather than
molar fraction as used in power rule. It is extensively used
in refinery calculations (Al-Gawfi et al. 2019). The fourth
root-mixing rule ((Eq. 15) is expressed as follows:

- _00571—4
Uiy = [(1 _ WS)MBOQS + WS#S().ZS] (15)

Using Eq. 15, Al-Gawfi et al. (2019) proposed a viscos-
ity correlation for bitumen—solvent mixture as a function of
temperature and pressure (Eqs. 16a—16c¢). The parameters
a, — agand b; — by are calculated using multiple regression

analysis (Al-Gawfi et al. 2019):

p, = 0.0577 exp (0.01337T, — 0.016T) (16a)

Hy = exp(222.73 exp (7.85 x 1077 — 0.01587 — 0.000887P* + 0.016P + 1.06)

Py = [(1 —wy) (exp (a; exp (a,T* — asT — a,P* + asP + ag)))

Logarithmic function

Mehrotra (1990) presented a simple log-type mixing rule to
calculate the viscosity of binary or multicomponent mixture
of bitumen fractions and toluene. In addition, the author intro-
duced a binary viscous interaction parameter B;; to improve the
performance of the model. The Mehrotra logarithmic function
is given in Eq. 17a and 17b.

108 (A +0.8) = )" w; log(; +0.8) (17a)

108(Hyi +0.8) = ) wilog(p; +0.8)+ Y D ww;B;
i i

(17b)

Direct regression model

Wen and Kantzas (2006) proposed a direct correlation using
the multiple regression modeling of bitumen—solvent viscos-
ity with the weight fraction of the bitumen component. Direct
correlation of mixture viscosity and the weight fraction of bitu-
men have been modeled using polynomial equation (Eq. 18).
Different values of the coefficients were obtained depending
on the bitumen samples and solvents.

log (Hmlx) = ancg + an_lcg_l (RN a2C123 + aICB + ao
(18)

Expanded fluid viscosity correlation

Motahhari et al. (2011, 2013) predicted bitumen—solvent vis-
cosity at high temperatures by adapting the expanded fluid-
based viscosity correlation previously presented by Yarranton
and Satyro (2009). The model correlated hydrocarbon viscos-
ity to the density based on an expanded fluid concept. The
inputs to the correlation are the fluid density, the pressure, and
the low-pressure gas viscosity. It stemmed from the under-
standing that the fluidity increases when the fluid expands.
Thus, the viscosity (inverse of fluidity) was expressed as a
function of expansion as follows (Eq. 19a—19f):

1= o =0.165(exp (C,8) — 1) (19a)
(16b)
0B w(by exp (by — b3T))_O'2S] B (16)

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer



Journal of Petroleum Exploration and Production (2021) 11:1505-1520

151

(19b)

where p* is the pressure dependent compressed state den-

sity of the fluid given by:

po

pr=—"— (19¢)
exp (=Csp)

The correlation parameters are defined as follows:

nc W -1
p:‘)mix = - (19d)
C2 mix el C2 i

— =) W— (19¢)

p(s),mix l=zl p;),i

nc -1

Wi

Csmix = l; E] (191)

The dilute gas viscosity of the mixture (y, ;) is related to
the mole fraction (x;) and dilute gas viscosity (u, ;) of compo-
nent 7 in the Wilke’s equation (Wilke 1950):

Homix = 2
i

The binary weighting factor (¢;) in Eq. (19g) is expressed
as a function of dilute gas viscosity and molecular weight of
the component as follows:

0.5 02572
Hoi MW,
[ () ()™

[8(1+Mw,/mw;)|*?

Xilo,i

2 %P

(19g)

(1%h)

@i =

Furthermore, in order to correct the non-idealities in the
prediction due to variation of viscosity and density of the flu-
ids, Motahhari et al. (2013) introduced generalized viscosity
binary interaction parameter between solvent and bitumen
(Ps_p)- Thus, the viscosity binary interaction parameter is
expressed as a function of the density difference (normal-
ized density difference:ASG, ;) between the components as
follows:

norm

<0.355

norm —

Ps_g =0 ...(190) : for ASG

Ps_g = 0.055 - 0.155ASG, .(19)) . for ASG, > 0.355

norm **° norm

_ 2|SGy — SGg|

ASG o =
"™ (SGg + SGg)

(19k)

Corresponding states equations

The understanding of geometric similarity of the P-V-T (pres-
sure—volume—temperature) and 7—u—p (temperature—viscos-
ity—pressure) diagrams has been employed to develop an
equation of state (EOS)-based viscosity model heavy oils
and solvent mixtures (Guo et al. 2001; Mishra and Kumar
2019). With reference to the Peng—Robinson EOS (Peng and
Robinson 1976), this model has been presented as follows
(Eq. 20a-t):

T= P a ”
Wb " u(u+b)+ b(u—b) (200
The correlation parameters are defined as follows:
r2P2
a =0457724—= (20b)
TC
/ rCPC
b' =0.07780—— (20c)
TC
r=ra(T.P.) (20d)
_ H T
"=z (20¢)
u, =1.77°M'2P!/3 (20f)
0.5 -2
o(T,.P,) = [1 + Q1<(T,PT) - 1)] (20g)
b =bi(T..P,) (20h)

B(T,.P,) = exp [Q2<\/T,— 1)] +0;(VP, - 1)2 (20i)

w < 0.3

0, = 0.829599 + 0.350857 — 0.747680c" (20j)
0, = 1.94546 — 3.19777w + 2.801930" (20k)
Q5 = 0.299757 — 2.20855w + 6.64959" (201)
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0, = 0.956763 + 0.192829w — 0.303189w> (20m)

Q, = —0.258789 — 37.1071w + 20.55100> (20n)

Q; = 5.16307 — 12.8207w + 11.01090° (200)
For a mixture:

ay = zl, Xid; (20p)

The correlation parameters a,, b,., b, and r,, are defined

by mixing rules as follows:

= T o0
b, = inbi 200)
b= Z ;xixjm (1-k,) 209)
o= Z X7, 200)

Equation 21 is another form of corresponding state model
proposed by Pedersen and Fredenslund (1987). This has
used to calculate the viscosity of mixture of bitumen and
different solvents such as dimethyl ether (DME), propane,
and butane. The Pederson corresponding state equation has
been expressed as follows (Haddadnia et al. 2018c¢):

ﬂmix(Ps T) _ < Tc,mix >_1/6 < Pc,mix >2/3 <Mwmix > 12 < Omix >
Ho (POTO) Tc,o Pc,o MWO a,

(21a)
MW ., is the molecular weight of the mixture:
MW i, = by (MW — MW?2) + MW, (21b)
«'=1+7.378 x 1073 p #7MW17 (21c)

NMR-based model for bitumen-solvent
mixture

Nuclear magnetic resonance (NMR) of hydrogen nuclei
or proton NMR is an effective tool for fluid typing of any
hydrogen bearing fluids (Kleinberg and Vinegar 1996;
Lawal et al. 2020). The hydrogen protons are present in oil
and water, and have strong relaxation response to impose
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magnetic signal pulses (Bryan et al. 2003; Yang et al. 2018;
Lawal et al. 2020) which is quantified by the low-field NMR.
The NMR relaxometry is a novel and versatile method for
viscosity measurement with broader applications for fluids
in the subsurface. Experimental insight into Debye’s the-
ory by Bloembergen et al. (1948) laid the foundation for
predicting viscosity from NMR relaxation time (Kleinberg
and Vinegar 1996; Wen and Kantzas 2006). Fluid types can
be differentiated based on their respective HI using low or
high magnetic field measurement (Kleinberg and Vinegar
1996). With respect to HI of unity for water and n-octane,
saturated hydrocarbons (straight chain and branched chain)
have at most hydrogen index of 0.95 (see Fig. 3). The HI
is the amount of hydrogen relative to water of 0.11 mole/
cm?. It is defined as a function of number of hydrogen (n;,),
molecular weight (M,,) and density (p) of the substance, as
expressed in Eq. 22a.

pny

HI= -2
(0.11M,)

(22a)

However, unlike pure hydrocarbons, information on the
exact chemical formula for mixture of hydrocarbon is usually
scarce. Thus, Eq. 22a is rarely used for calculating the HI
of crude oil. Alternatively, empirical correlation (Eq. 22b)
is used for estimating the HI of crude oil as a function API
gravity. The HI of heavy oil and extra heavy oil bitumen
can be approximated as a quadratic function of API gravity.

HI = 0.1278 + 0.0725(API) — 0.0015(API)>? (22b)

Comprehensive discussions on the fundamentals of
viscosity measurements using NMR have been presented

1.0

0.9 4

Hydrogen Index (HI)

07 T T T T T T T
10 20 30 40 50

API Gravity

Fig.3 Hydrogen index of crude oils versus API gravity. Source:
adapted from Kleinberg and Vinegar (1996)
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elsewhere in the studies (Kleinberg and Vinegar 1996; Mor-
riss et al. 1997; LaTorraca et al. 1999; Galford and Marschall
2000; Lo et al. 2002; Wen and Kantzas 2006; Yang et al.
2018; Kausik et al. 2019; Singer et al. 2020). Specifically,
LaTorraca et al. (1999) and Galford and Marschall (2000)
presented models to predict heavy oil viscosity using NMR
logging tools. In addition, Bryan et al. (2003) established the
fact that there is a strong relationship between the amplitude
index and the fluid viscosity. Subsequently, the authors pro-
posed NMR viscosity model, which has wider coverage for
both conventional oil, heavy oil, and bitumen. The model
essentially relates the viscosity of bitumen with the NMR
relative hydrogen index (RHI), and the oil geometric mean
relaxation time (7)) as follows (Eq. 23a):

al

H=——
RHI’T,,,,

(23a)

The empirical parameters a’ and f were obtained from 26
different oil samples (Bryan et al. 2003) as 1.15 and 4.55,
respectively. The relative hydrogen index (RHI) is related
to the amplitude index (AI) parameter of NMR as follows
(Egs. 23b-23d):

Al
RHI = itumen (23b)
Alwaler
A itumen(or water
Al = bitumen(or water) (230)

mass
The geometric mean relaxation time (7,¢,),) is given as:

2 ¥;In TZi]
NV
Wen and Kantzas (2006) successfully fitted experimental

data obtained from mixtures of different bitumen and solvent
samples to the Bryan model (Eq. 23).

T = X [ 23d)

Prediction of bitumen-solvent viscosities

One or more of the models discussed above have been evalu-
ated for mixtures of different heavy oil or bitumen samples
and solvents (Miadonye and Britten 2001; Miadonye et al.
2001; Ma et al. 2016; Wen and Kantzas 2006; Centeno et al.
2011; Motahhari et al. 2011; Kariznovi et al. 2013; Nouro-
zieh et al. 2015a, b; Azinfar et al. 2017). Different solvents
varying from the light solvents (such as ethane, propane),
to heavier ones (such as n-pentane, n-heptane, to n-octane),
field solvents (such as condensate and naphtha), and aro-
matic solvents (such as xylene and toluene), have been
tested with different bitumen samples. Extensive review of
the mathematical structure and predictability of the models

exist in the previous studies (Miadonye et al. 2001; Wen and
Kantzas 2006; Centeno et al. 2011; Motahhari et al. 2011).
However, no mixing rule has been found to have absolute
capability to predict the viscosity for all mixtures (Centeno
et al. 2011). The reason is susceptibly due to the complex
nature of crude oil, most especially, heavy oil/bitumen. In
addition, complications may arise because of tendency of
asphaltene precipitation and/or compatibility of a particu-
lar solvent, which occurs due to change in the thermody-
namic equilibrium of the system (Speight 2006). Further-
more, other properties such as molecular weight, density
(or API gravity), and the rheological behaviour of the fluid
may affect the performance of the model. In summary, the
mixing rules without auxiliary parameters appear relatively
easy to apply compared to those that require auxiliary terms.
However, the former might result in larger deviation from
the experimental values of viscosities, while the later may
yield better results but with further mathematical rigors to
calculate the extra parameters. This may also result in com-
putational errors in predicting the viscosity (Miadonye et al.
2001; Wen and Kantzas 2006; Centeno et al. 2011).

Available reports on prediction of viscosity of heavy oil
or bitumen mixtures indicate that the performance of the
models varies along different trends including types of sol-
vents, concentration of solvent, the API gravity of heavy oil,
and the temperature and pressure of measurement. Detailed
quantitative information on the performance of the models
is summarized in Tables 1 and 2.

Centeno et al. (2011) tested the performance of sixteen
mixing rules to predict the viscosities of four different crude
oils having 21.31, 15.93, 12.42, and 9.89 °API mixed with
5-95 volume (%) diesel blends. The authors concluded that
the predictability decreased as the API gravity of the fluid
decreased, with the exception that the performance improved
at high temperature of analysis. Miadonye et al. (2001) pro-
posed a correlation, which was compared with those of
Chirinos and Cragoe. The model was verified for viscos-
ity ratios up to 1e6 and requires no experimental data to
evaluate the parameters (Miadonye et al. 2001). The authors
claimed that the best prediction was attained using the model
with overall average absolute deviations of 12% for viscos-
ity predictions, compared to Chirinos (17%), and Cragoe
(23%). In addition, the performance with data not used in
developing the model showed an excellent match between
experimental and predicted values, with an overall average
absolute deviation of below 10% for viscosities of mixtures
at 25° C, 60.3° C, and 82.6° C. Likewise, Kariznovi et al.
(2013) and Nourozieh et al. (2015a, b, ¢) evaluated the per-
formance of seven selected mixing rules namely Arrhenius’,
Cragoe’s, Shu’s, Lobe’s, double-log, Lederer’s, and power
law functions to predict the viscosity of mixtures of bitumen
and different solvents, viz. n-Tetradecane (Kariznovi et al.
2013), n-hexane (Nourozieh et al. 2015a), and n-heptane
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Table 1 Evaluated viscosity models for bitumen—solvent mixtures

Bitumen/heavy  pg (kg/ MW (g/mol) °API Solvent T(°C) P (MPa) Model (Eqn.) References
oil g m’)
Type Conc

2.97e¢3-1.57e5 iv,v,vi,vii 5-75 wt%  25-82.6 7,8,9 Miadonye et al.
at 30 °C (2001)
(mm?/s)

6e3-6.7e5 at 1,ii,v,vi,viii,ix 0-100 wt% 7,12,18,23 Wen and Kantzas
25 °C (mPa s) (2006)

8.2e2 at 50 °C 1016.9 iv 3,59 wt% 20-175 0-10 19 Motahhari et al.
(mPa s): live (2011)
bitumen*

3.18e3 at 50 °C 1017.7 iv 3-30 wt% 20-175 0-10 19 Motahhari et al.
(mPa s): dead (2011)
bitumen**

Alberta bitu- 7.4 i 15,30 20-175 0-10 19, 19%* Motahhari et al.
men* (2013)

Alberta bitu- 7.2 iX, X, Xi, xii, xiii  5.1-30 20-175 0-10 19, 19%* Motahhari et al.
men** (2013)

Athabasca bitu- 512 ii 5-50 wt% 27-70  0-10 1,7,11, 12, 14 Kariznovi et al.
men (2013)

Athabasca bitu- 1009 539.2+7.9 ii 5-50 wt%  25-190 2-10 1,7,11, 12, Nourozieh et al.
men 13, 14 (2015a)

Athabasca bitu- 539.2+79 i 5-50 wt% 25-190 2-10 1,7,11, 12,13, Nourozieh et al.
men 14, 17 (2015b)

Athabasca bitu- 539.2+7.10 ix 5-50 wt%  25-190 2-10 1,7, 11, 12, Nourozieh et al.
men 13, 14 (2015¢)

Athabasca bitu- \% 5-70 wt%  25-190 2-10 1,7, 11,12, Nourozieh et al.
men 13, 14 (2016)

Athabasca bitu- iv 5-50 wt% 25-190 2-10 1,7,11, 12,13, Nourozieh et al.
men 14, 19 (2017)

Athabasca bitu- 512.5+6.9 i, ii 5-50 wt% 30-190 2-8 12, 14 Haddadnia et al.
men (2018a, b, c)

1.84e2-1.66e5 9.89-21.31 vii 5-95vol% 25-54.4 1,5,6,7,8,9, Ceteno et al.
(mm?/s) 10, 11, 12, (2019)

13, 14

19% is the EF model using the generalized viscosity binary interaction parameter( f5_g) and normalized density difference (ASG,,,,,)

(Nourozieh et al. 2015b). Similar trends varied along the
solvent types were observed. Specifically, Nourozieh et al.
(20154, b) reported that among the tested equations, the
power law and Cragoe’s models (using the volume fractions)
better represented the viscosity data. However, when the
mole fractions of the solvent were considered in the calcula-
tions, the authors observed that Arrhenius’ model gave better
results compared to the Cragoe’s and the power law models.
Within the tested viscosity range, the authors claimed that
Cragoe and power law yielded the most reliable prediction.
In addition, the power law model predicts the viscosity well
at temperatures higher than 50 °C while at slight deviation in
viscosities (under-prediction of data) are observed at 28 °C
and low solvent weight fractions. In general, the authors
observed that over-prediction error occurred when weight
and mole fractions were used in the calculation, and that
the mole fraction gives smaller viscosity values compared
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to experimental data. Furthermore, the fourth root-mixing
rule was found to provide superior results when compared
to the typically used logarithmic-based mixing rule with
6% margin of error when validated against a large list of
experimental viscosity measurements (Al-Gawfi et al. 2019).
The pressure and temperature ranges were 322-463 K and
0.5-8.2 MPa, respectively. However, the correlation is only
valid for the temperature and pressure at which the solvent
is in the gaseous state (i.e., T > T, and P < Pg,).
Motahhari et al. (2011) tested the applicability of the
expanded fluid viscosity model using diluted dead and live
Athabasca bitumen at temperatures from 20 to 175 °C and
pressures up to 10 MPa. The correlation yielded average
absolute relative deviation (AARD) of 4.8, 6.9, and 16 for
the dead bitumen—condensate mixture at 3, 6, and 30 wt.%,
respectively. From the live bitumen—condensate mixtures of
3 and 5.9 wt%, the AARD were reported as 13 and 55 wt.%,
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E(lj:leelzs Statistical Error of the References Model Solvent AARD % R?
(Eqn) X, Vg W
Miadonye et al. (2001) 7 Xiv 21.9-30.1
XV 18.5-39.1
v 23.9-46.6
vi 10.4-19.2
vii 9.9-18.4
8 Xiv 18.4-32.2
XV 9.98-26.8
v 9.19-22.7
vi 4.7-17.2
vii 11.8-19.6
9 Xiv 6.1-19.3
XV 11.8-14.7
v 291-13.5
vi 5.15-13.9
vii 16.8-24.9
Wen and Kantzas (2006) 7 0.98-1
12 0.97-0.99
18 0.99
23 0.99
Motahhari et al. (2011) 20a iv 13, 55%*
20a iv 4.8-16%*
Motahhari et al. (2013)* 20a ii 4,6
20b ii 3,3
20a ix 9,22
Motahhari et al. (2013)** X 25
xi 30, 38
xii 15
xiii 4
Motahhari et al. (2013)** 20b ix 7,10
X 6
xi 7,16
xii 4
xiii 4
Nourozieh et al. (2015a) 1 ii 46.6 1329 4388
7 ii 82.9 30.3 189
11 ii 44.5
12 ii 60.4
13 ii 107
14 ii 43.6 12.3 28.8
Nourozieh et al. (2015b) 1 i 43.6 348 886
7 i 774 13.6 97.6
11 i 30.3
12 i 32.8
13 i 27.8
14 i 31.8 7 21
17 i 64.2
Nourozieh et al. (2015¢) 1 ix 54.1 1626 6551
7 ix 85.8 26.1 211
11 ix 432
&’f&ﬁmﬁﬁw @ Springer
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Table 2 (continued)

References Model Solvent AARD % R?
(Eqn) X Vg Wy
12 ix 50.7
13 ix 110
14 ix 43.2 13.8 30.7
Nourozieh et al. (2016) 1 v 48.6 450 660
7 v 714 36.3 71.7
11 v 28.3
12 v 74.7
13 \ 38.9
14 v 104 33 16.9
19 v 48.3
Nourozieh et al. (2017) 1 iv 46.5 1320 4180
7 iv 824 224 169
11 iv 36.6
12 iv 55.8
13 iv 81.6
14 iv 37.2 12.5 31.1
19 iv 98.1
Kariznovi et al. (2013) 1 ii 494 445 851
11 ii 43 15.6 22.9
4 ii 61.2 23.6 110
8 ii 74
9 ii 38
Haddadnia et al. (2018a, b, c) 12 ii 40.7 10.1 25.9
ix 41.8 16.2 24.7
14 ii 9
ix 9.9
Ceteno et al. (2019) 1 3.8el-1.1e5
2 5.1e2-1.2e5
3 2.8e1-1.2e5
4 7.7e2—-1.2e5
7 1.4e3-1.2e5
5 3.5e2-4.2¢e5
8 4.5e1-1.2e5
9 1.3e1-3.7e5
10 7.1e1-1.2e5
11 1.6el-1.1e7

respectively. Similarly, Motahhari et al. (2013) tested the
model on viscosity data for gas-free bitumen diluted with
carbon dioxide (5.2 wt%), ethane (5.1 wt%), propane (7.6
and 16 wt%), n-butane (14.5 wt%), n-pentane (15 and 30
wt%) and n-heptane (15 and 30 wt%) at temperatures from
20 to 175 °C and pressures up to 10 MPa. Their results show
that the viscosity of the diluted bitumen mixtures was pre-
dicted with an overall AARD of 17% using the EF model.
The performance was enhanced to an AARD of 7% using
generalized viscosity binary interaction parameters. In
addition, their findings show that the solubility of the sol-
vent in bitumen was the key factor controlling the mixture
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viscosity. The authors reported that greater viscosity reduc-
tion was obtained using less volatile the solvent at a given
pressure and temperature. Accordingly, the solubility of a
given solvent increases at higher saturation pressure as the
process temperature increases, thus causing higher viscosity
reduction.

In their efforts, Wen and Kantzas (2006) proposed the
direct regression modeling, as well as the NMR-based model
to predict the viscosity of bitumen—solvent mixtures. They
tested their models alongside the Cragoe and Shu mod-
els. Using four heavy oil/bitumen samples mixed with six
solvents in different ratios, the authors reported that the
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NMR-based predictions are found to be similar to those of
the Shu’s model and superior to the predictions of the Cra-
goe’s model. In addition, the proposed regression model was
admitted to have limitation being suitable for only certain
heavy oil and solvent mixtures, as used in the study. The
authors also observed different results from different bitu-
men and solvent types, and ratios. Their results indicated
that both Cragoe and Shu models show better prediction
with low viscosity ratios than with high viscosity ratios. In
comparison, however, the Shu’s model yielded better results
with heavy oil/bitumen—solvent mixtures for wide range of
blending data at higher viscosity ratio. As stated earlier,
susceptibly due to the complex structure of heavy oil/bitu-
men, and the chemical properties of the solvents (tendency
of asphaltene precipitation), the predictive performance of
the model differs. In other words, the models and/or model
parameters are sensitive to the conditions of the system
under consideration. Another notable observation, in the
present case, is that the adjustable parameter in the Shu’s
model incorporates additional property, viz. the density and
density difference of the components. Hence, it gave better
overall performance compared to the Cragoe’s model.

Moreover, Wen and Kantzas (2006) is, probably, the
only available effort, which explicitly applied the low field
nuclear magnetic resonance (NMR) relaxometry to predict
the viscosity of bitumen—solvent mixtures. The authors
seized the opportunity that the NMR gave different spectrum
with a mixture of oil and solvent than that of the oil or the
solvent, individually. More interestingly, they reported that
the spectrum changes in accordance with the concentration
of the solvent. Then, using this change in the NMR response
of the mixture, the overall prediction of the NMR was found
to be fairly compared to those of Cragoe and Shu’s mod-
els. Moreover, the NMR approach is more attractive than
other methods (Cragoe and Shu) since it is not limited to the
viscosity and density data of the components. In addition,
the performance of the Cragoe and Shu’s models (including
other ones developed based on the mixing rules) could be
affected by solubility and precipitation of asphaltene. Other
potential advantages of the NMR included application to
wider range of oils (conventional and heavy oils) without
reference viscosity or density data, ability to detect precipi-
tation of asphaltene, and application in in situ measurements
(Wen and Katzas 2006).

Conclusion

Solvent-based process is an attractive technology to
improve recovery and production of the highly viscous oil
such as bitumen. Viscosity is one of the important thermo-
physical properties, which is required in the process design,

modeling and simulation of the recovery, production and
transportation of bitumen—solvent system. Thus, viscosity
models provide handy information when laboratory data
are not readily available. Several empirical and semiempiri-
cal equations have been proposed for mixture of heavy oil/
bitumen and solvents. However, no viscosity model has the
absolute capability to predict the viscosity for all bitumen.
In summary, the mixing rules without auxiliary parame-
ters appear relatively easy to apply compared to those that
require auxiliary terms. However, the former might result
in larger deviation from the experimental values of viscosi-
ties, while the later may yield better results but with further
mathematical rigors to calculate the extra parameters. This
may also result in computational errors when predicting
the viscosity. Hitherto, available reports on the prediction
of viscosity of heavy oil/bitumen—solvent mixtures show
that the accuracy of these models is difficult to general-
ize. It strongly depends on the environment under which
a particular model was developed. Such may include the
type and concentration of solvent, the properties of the bitu-
men, and the temperature and pressure of the experiment
or tests. With reference to the available reports, the NMR
modeling approach appears to be more attractive compared
to the others. However, the NMR measurement of the bitu-
men-solvent mixture has not received adequate attention.
Therefore, there is room for further improvement on the
viscosity modeling of bitumen—solvent system for wider
applications. This would be necessary due to increasing
advances in solvent-assisted technology for bitumen recov-
ery and production.

Appendix

Diluents/solvents

Name Code
Pentane ix
Hexane ii
Heptane i
n-Tetradecane iii
Condensate iv
Naphtha vi
Toluene v
Diesel vii
Kerosene viii
Methane X
Propane xi
Butane xii
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Name Code Azinfar B, Haddadnia A, Zirrahi M, Hassanzadeh H, Abedi J (2017)

Effect of asphaltene on phase behavior and thermophysical prop-
Co, Xiii erties of solvent/bitumen systems. J] Chem Eng Data 62:547-557
Rimby field condensate Xiv Azinfar B, Haddadnia A, Zirrahi M, Hassanzadeh H, Abedi J (2018a)
Strachen field condensate v Generalized approach to predict K-values of hydrocarbon solvent/

Statistical error analysis

i. Arithmetic average of the absolute values of the rela-
tive errors (AARD).
ii. Standard error (SE).

iii. Coefficient of determination (R?).
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