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Abstract. Over the years, different authors have proposed many dead
oil viscosity correlations for various crude oil mixtures from all over
the world. The majority of correlations fall into a category that uses
system temperature and oil APl gravity as the only required
correlation parameters. This category may be designated as the least
accurate and it might not successfully correlate viscosity since it
ignores the paraffinicity or character of the crude oil. Another set of
correlations offers increased accuracy in calculating dead oil viscosity.
It requires, however, the Watson characterization factor as an extra
parameter. This factor provides a means of identifying the
paraffinicity or character of the crude oil. It stays reasonably constant
for the chemically similar hydrocarbons.

The Watson factor and the boiling point are related together
through the API gravity. In this paper, two regression equations, for
evaluating the boiling point of hydrocarbons (pure components and
crude oils) as a function of API gravity, are proposed. Therefore, the
Watson factor will be evaluated as a function of boiling point; which,
in turn will be evaluated as a function of API gravity. It has also been
concluded from this study that the boiling point equation for pure
components may be used for crude oils having APl gravity greater
than 30. Another aspect of the paper is that all correlations were coded
in an object-oriented manner, which offers flexibility in programming
and allows the different parts of the code to be described easily and in
a natural manner as if they were real world objects. This allows for
their simple inclusion in commercial black oil or compositional
reservoir simulators. Eight correlations of the first category and two of
the second category were considered for a sharp review from a
simulation perspective. Eight experimentally-generated data sets were
used to test all correlations and to quality check the validity of the
proposed equations.
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1. Introduction

Crude oil viscosity is an important physical property that controls and
influences the flow of oil through porous media and pipes. It is defined as
the internal resistance of the fluid to flow. During the course of black-oil
or compositional reservoir simulation, the task of calculating crude oil
viscosity is required at each pressure step. This task is accomplished by a
three-stage process, which starts with the estimation of dead oil (gas-free)
viscosity at atmospheric pressure and reservoir temperature. The dead oil
viscosity is taken as input for the estimation of the gas-saturated crude oil
viscosity; which, in turn, is taken as input for the estimation of the
(undersaturated) crude oil viscosity at reservoir pressure. Figure 1 depicts
the three viscosity areas. Viscosity starts at the dead viscosity condition;
where it is evaluated at atmospheric pressure and system temperature. As
the pressure increases, the free gas in contact with oil dissolves into the
oil until all gas is dissolved. The pressure increases until it gets to the
bubble point pressure, where no more gas can dissolve into the oil. This
region represents the saturated region. If pressure increases above the
bubblepoint pressure, no more gas can dissolve, and therefore the
viscosity starts to increase due to the increase in pressure. This region
represents the undersaturated region.
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Fig. 1. Oil viscosity versus pressure showing the dead, saturated, and undersaturated
regions.
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Viscosity correlations that are applicable to a wide range of
pressure and temperature conditions are needed. Unfortunately, such
methods require composition of the hydrocarbon mixture. Correlations
that do not require the compositions of hydrocarbon mixtures are
applicable only to narrow ranges of operating conditions. Crude oil
viscosity is affected by oil composition (specific gravity and
characterization factor), solution gas/oil ratio, system temperature and
pressure.

2. Dead Oil Viscosity Correlations

Many correlations were proposed to estimate viscosity of dead oils at
atmospheric  pressures and reservoir temperatures. Most common
correlations require the dead oil API gravity and reservoir temperature as the
only correlating parameters. Such correlations are least accurate and might
not successfully correlate viscosity since they ignore the paraffinicity or
character of the crude oil. Correlations, however, that utilize the Watson
characterization factor for defining or characterizing the crude oil have been
proposed. Such correlations have been mistakenly ignored due to their
lengthy procedure. However, such correlations show stable viscosity
predictions over a wide range of prevailing temperature.

In this paper, the following correlations that belong to the first
category were considered: Beal, Beggs and Robinson, Dindoruk and
Christman, Egbogah and Ng, Glaso, Kartoatmodjo and Schmidt, Al-
Khafaji, and Petrosky 8. In addition, the following two correlations,
which belong to the second category, were considered: Twu and
Bergman & Sutton®%. Table 1 summarizes those correlations along
with a C# snippet of their codes. Twu!® has proposed a correlation that
requires the dead oil API gravity, reservoir temperature, and Watson
characterization factor. Bergman and Sutton™ revised Twu™
coefficients and proposed regression equations, to the kinematic viscosity
at the reference temperatures of 100 °F and 210 °F, that enhance
predicted dead oil viscosity values of the correlation. In this paper, two
expressions are proposed for the estimation of the boiling point T, in

terms of API gravity for both pure components and crude oils. Since the
Watson factor is related to the boiling point through API gravity, this will
render the second category to only require API gravity and system
temperature as the only correlation parameters.
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3. Characterizing Petroleum Fractions

The physical properties of pure components were measured and
compiled over the years. Properties include specific gravity, normal
boiling point, molecular weight, critical properties and acentric factor.
Katz and Firoozabadi™ presented a generalized set of properties for pure
components with carbon number in the range 6-45. Whitson™? modified
this set to make its use more consistent. Riazi and Daubert*®! developed a
set of equations to evaluate properties of pure and undefined petroleum
fractions. They expressed the molecular weight of a pure or undefined
petroleum fraction (MW) in terms of specific gravity (y) and boiling point
(Ty) as follows:

MW = 42.965K1'26007]’4'98308

1)

o[2:0972107 *1~7.78712y+2.08476x10 yx]

Where =%. Kesler and Leel™ developed a set of equations to

evaluate properties of pure and undefined petroleum fractions. They
expressed the molecular weight of a pure or undefined petroleum fraction
in terms of specific gravity (y) and boiling point (Ty) as follows:

MW = —12,272.6 + 9,486.4y + (8.3741 — 5.9917)k

2224661107
— | )

12
+(1 — 0.80882y + 0.02226y7) [0.3228— 17.:35] 10

+(1 — 0.77084y — 0.02058y2) [0.7465 -

PE]

Sareide™ expressed the boiling point (Ty) of a pure or undefined
petroleum fraction in terms of specific gravity (y) and molecular weight
(MW) as follows:

K =1071.28 — 9.417x10* MW ~0.03522),3.266

(3)

o (—4.922x1073MW—4.7685y+3.462x10 > MW )

Twul®® used the critical properties back-calculated from vapor
pressure data to get correlations for the undefined petroleum fractions.
The molecular weight is estimated as follows:

= Pleas] @)

Where £ is obtained by solving the following objective function:
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5.12640+2.715795—0.28659032 220544 0122488

fB)=e b £ (5)
—13.75128 + 19.61978% — k=0

Other parameters of the equation are given by:

fur = By [+ By (F22 - 0.0175691 ) (6)

x =|0.012342 - 22224 ©)

Ayy = e50° ) -1 (8)

¥° = 0.843593 — 0.128624 — 3.36159° — 13749.5¢2 (9)

1o (0.533272 +0.34383 X 103k + 2.52617 x 10*7;\12) (10)
—1.658481 x 1013 + 4.60773 x 10> 13

Najil*? has presented a set of regression equations for the
estimation of physical properties of pure components as a function of
carbon number. Those equations were built upon Katz and
Firoozabadil*!! dataset. From a simulation perspective, the fit data is
more consistent than the original data. The regression equations, for the
specific gravity, boiling point, and molecular weight, are given by:

y(n) = 0.6839638(n — 5)0-08661026 (11)

T,(n) = —2.238720 X 107#(n — 5)* + 2.916260 x 10~2(n — 5)° (12)
—1.593227(n— 5)% + 54.72655(n — 5) + 553.347

MW (n) = —5.763156 X 10~6(n — 5)° + 7.293105 x 10~*(n — 5)*
—0.03341596(n — 5)% + 0.5740517(n — 5)2 (13)
+10.24725(n — 5) + 72.53757

4. Characterizing Crude Oils

As mentioned before, the dead oil viscosity correlations that offer
increased accuracy in calculating viscosity require the Watson
characterization factor as an extra parameter. This factor provides a
means of identifying the paraffinicity or character of the crude oil. It
stays reasonably constant for the chemically similar hydrocarbons; i.e.
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higher values (greater than 11.9) indicate paraffinic hydrocarbons,
whereas lower values indicate naphthenic or aromatic components.
Values less than 10 indicate highly aromatic hydrocarbons. Bergman &
Sutton™ used nonlinear regression techniques to update the correlation
for the Watson characterization factor proposed by Riazi-Daubert™! and
later updated by Riazi'’®. They suggested the use of the following
updated equation to calculate the Watson characterization factor, Ky:

KW — [ble(bzM‘J+b3y‘3+b4M°ya)M35yf6]b7yob8 (14)
Where:
bl = 2012.84 bz =-1.8519% 1073 b3 = —3.70833 b4 =1.31441x 1073
b, = 0.589485 | b, = 3.36211 b, =0.3333 | by =—1.0

The molecular weight of the crude oil (M,) is often measured for
the oil itself or derived from the plus fraction values reported in the PVT
report of the crude oil. If the chemical nature of the crude oil is known, it
is defined as a function of API gravity. If the chemical nature of the
crude oil is unknown, however, Bergman & Sutton™ presented a plot of
Watson factor versus crude oil API gravity (Fig. 2). This plot has
originated from a database compiled from all over the world for over
3000 crude oil assays, conventional PVT reports, and literature data. The
plot should provide guidance for typical values of Watson factors as a
function of API gravity. For simulation purposes, the linear fitting
equation of this plot suffices; which is given by:

Ky = 11.2 + 0.0192164(API) (15)

The Watson factor is related to the average boiling point and API
gravity of the crude oil through the following relation:

131.5+API

Kw = ( 1415 )(Tb)% (16)

Plugging (16) into (15) and rearranging, yields the average boiling point
expressed in terms of the API gravity of the crude oil:

3
1584.842.7191206AP]
1= |

b 131.5+API 17

Alternatively, equation (17) may be expressed as a forth-order
polynomial as follows:

T, = 1748 — 30.05API + 0.3451API* — 0.002416API® + 7.397 x 10-64P1* (18)



The Dead Oil Viscosity Correlations A C-Sharp Simulation Approach 73

15 1
14 F =
A
o
S
©
[T
B <
c
o
"
=
=
10 §
9 F+————————————t—t——
0 20 40 60 80 100
il Gravity, *API

Fig. 2. Plot of Watson characterization factor versus crude oil API gravity. (Bergman &
Sutton),

Figure 3 is a plot of average boiling point (T,) versus (API) for
both pure components and crude oils. It is clear from the plot, that the Ty
curves, for pure components and crude oils, tend to converge for API
gravities higher than 30. On the other side, for API gravities lower than
30; i.e. for heavy fractions, the T, curve for pure components gets higher
than the T, curve for crude oils as API gravities decrease. This suggests
that Ty, equation for pure components may be suitable for crude oils
having API gravities higher than 30.
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Fig. 3. Plot of average boiling point versus API gravity for pure components and crude oils.
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5. Methodology

In the category of correlations utilizing the Watson characterization
factor, we follow the procedure of Twul® for the estimation of dead oil
viscosity; which can be summarized as follows:

Hoa = VYor VT (19)

¥.r IS the crude oil specific gravity as affected by the temperature T and
IS given by:

Yor = 0.999012y, (o VCFr (20)
¥, so 1S the crude oil specific gravity (y,) at 60 °F.

VCF; is the crude oil volume correction factor with a base temperature of
60 °F:

VCFT — e[—QGOAT(1+0.8a60AT]] (21)
g IS the thermal expansion coefficient with a base temperature of 60 °F:

Ko+K1 Yo 60 (22)

The coefficients Ko and K; are given for each liquid of interest.
ASTM? provides values for both pure components and generalized crude
oils; which were updated by Bergman & Sutton™®! as:

For pure components:

Ko =3.4175x 107* (23)
K, = —4.542x107° (24)
For generalized crude oils:
K,=12.5042x10"* (25)
K, =8.3020x 107° (26)

AT =T — 60 is the temperature difference between base and current
temperatures.
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vy IS the crude oil kinematic viscosity as affected by the temperature T. It

is evaluated as follows:

vr=¢y —e”
Other parameters are given by:
x = —0.7487 — 3.295¢ + 0.6119y* — 0.3193y°

Y= (ZT_ 0.7)
Zr=el
[ =el

H = In[in(Z,40)] + B [In(T,,s) — In(559.67)]

_ In[in(Z;40)]-In[in(Z;40)]
1n(669.67)—n(559.67)

Taps =T + 459.67

Zooo = (Vg0 + 0.7) + e[—1.47—1.84(1;100)—0.51(1;100)2]

Zoro = (Vayo + 0.7) + e[—1.47—1.84(v210)—0.51(1;210)2]

(27)

(28)
(29)
(30)
(31)
(32)
(33)
(34)
(35)
(36)

Twul® has adopted the following expressions for calculating
kinematic viscosities of the crude oil at two reference temperatures of

100 °F and 210 °F:

450\ (14213 2
m(vlJrTb)(l—zfl) _ 50

vV =€
100 T

450\ 11+212)2
ln(szrTb)(l—zfz) _ 350

v =€
210 T

Where:

v, = 30.801621+1.37179 n(v,y)

— 2_ 4
v, = 94.73227 27.0975 a+49.4491a“-50.4706a +15

- _ Bro)®
f = 1.33932 £y, — 21114 =2

(37)

(38)

(39)
(40)

(41)
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(Ay,)?
f, = & Ay, —21.1141% (42)
¢ =[1.99873 - 56\'/%94 (43)

Using nonlinear regression techniques on various forms from
Twul®!, Bergman & Sutton™ have updated those expressions to
minimize the error in calculated dead oil viscosity. The final resulting
equations are given by:

= (%)2 232.442
Vigo = € ( Ty ) F1 —— (44)
(v, +22242 1+215)2 .
V10 = 91 ( + Ty )(172}"2) _% (45)
Where:
V1 — 90.701254+1.38359 ln[v2)+0.103604[[n[v2)]2 (46)
Vv, = ©2-40219-9.59688 a+3.45656a” ~143.632a* 40.152995 47)
(A]"o)z
fy = 0.980633¢ Ay, — 47603372 (48)
(AYOJZ
fo = € Ay, — 4760332 (49)
62.0863
§=12.68316— = (50)

The rest of parameters are given by:
AYo = Vo =V (51)
¥ = 0.843593 — 0.128624a — 3.36159a3 — 13749.5a'?  (52)
a=1—-1 (53)
7= 0.533272+ 1.91017 X 107*T}, + 7.79681 x 10787}

(54)
—2.84376 x 107117 + 9.59468 x 10%7T, **
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In this paper, the following expressions are used to calculate the
boiling point (Tp) in terms of API gravity:
For pure components (and hence for crude oils having API gravities > 30):
T, = 2393.806 — 60.19172API + 0.7137592API% — 3.078513 x 10 API® (55)

For crude oils, we use equation 17; which is rewritten for convenience:

1584.8+2.71912064P1]3
Ty = [ 131.5+API ] (56)

Or as a forth-order polynomial as expressed by equation 18 as follows:
T, = 1748 — 30.05API + 0.3451API* — 0.002416API° + 7.397 X 10 °API* (57)

6. Input Data

Table 2 presents the experimental input data of two oil samples that
were presented by Dindoruk & Christman®l. Table 3 presents the
experimental input data of six oil samples that were presented by
Ahmed®. The eight samples were used to generate the dead oil
viscosities for all correlations considered in this paper.

Table 2: Experimental input data used for generating the dead oil viscosity for the various
correlations .

Parameter Oil A Oil B
T,°F 160 230
¥y (air=1) 0.7310 0.7072
°AP] 274 33.3
P,,psia 5000 5000
Ry, scf/STB 813 1049
Tsep, °F 68 60
Psep. PSIA 114.7 114.7

Source: Dindoruk and Christman/?] .
Table 3: Experimental input data used for generating the dead oil viscosity for the various
correlation .

Parameter 0il #1 0il 22 0il 3 0il #4 0il #5 0il Z6
T,°F 250 220 260 237 218 180
¥Yg. (air = 1) 0.851 0.855 0.911 0.898 0.781 0.848
°API 47.1 40.7 48.6 40.5 442 273
P, psia 2377 2620 2051 2884 3065 4239
Ry, Scf/STB 751 768 693 968 943 807
Teep, °F 60 75 72 120 60 173
Peep,DSia 150 100 100 60 200 85

Source: Ahmed['°], chapter 2, pp. 79-80.
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7. Results and Discussions

Table 1 summarizes the describing equations and C# codes of all
dead oil viscosity correlations presented in this study. As it can be seen
from the C# code snippets that all classes are derived from a single parent
class called ""Model™. This behavior guarantees that all correlations refer
to and rely on the same procedure and data set. Inside each class, there
exists a class constructor, having the same name as the class. The
constructor performs all calculations at the construction stage of the
class. This process has an excellent impact on saving calculation timing.
In addition, this allows for simple and straight forward implementation of
such correlations in predefined reservoir simulators.

Figure 1 shows the three oil viscosity regions as a function of
pressure. The dead oil viscosity calculations are performed at surface
pressures. Comes next is the saturated oil viscosity region, which extends
to the bubblepoint pressure of the crude oil. It requires the dead oil
viscosity as input. Above bubblepoint pressure, comes the undersaturated
oil viscosity region; which depends on the saturated values as input.
Figure 2, which is taken from Bergman & Sutton*%, has originated from
a database compiled from all over the world for over 3000 crude oil
assays, conventional PVT reports, and literature data. The plot provides
guidance for typical values of Watson factors as a function of API
gravity. For simulation purposes, the linear fitting equation of this plot
suffices, which is given by equation 15. Figure 3 is a plot of average
boiling point (Tp) versus API for both pure components and crude oils. It
is clear from the plot, that the T, curves, for pure components and crude
oils, tend to converge for API gravities higher than 30. On the other
hand, for API gravities lower than 30; i.e. for heavy fractions, the Ty
curve for pure components gets higher than the Ty, curve for crude oils as
API gravities decrease. This may suggest that T, equation for pure
components is suitable for crude oils having API gravities higher than 30.

Figures 4-11 are plots of the dead oil viscosity versus temperature
for all correlations considered in this study. From the first glance of all
figures, it is apparent that as the temperature increases, the dead oil
viscosity decreases and tends to converge for all correlations. As the
temperature decreases, however, the dead viscosity values tend to diverge
for the different correlations. Note, however, how the second category of
correlations, namely Twu' and Bergman & Sutton™®, are calculated.
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They are calculated in exactly the same way as the first category; i.e. as a
function of temperature and oil API gravity. The Watson characterization
factor is implicitly calculated as a function of oil API gravity. Also note
that these correlations tend to predict values within the expected range of
dead viscosities. Beggs'? correlation tends to predict high dead oil
viscosity values at lower temperatures for all studied samples. Bergman
& Suttont® and Twu'® correlations for crude oils tend to predict good
estimates for all samples considered in this study. For pure components,
however, they predict high values for heavy crude oils (samples A and 6:
their API < 30). Whereas they tend to predict good estimates for other
samples (samples B & 1 to 5: their API > 30).

8. Conclusions

1. Two categories of the dead oil viscosity correlations were revised
and programmed in an object-oriented fashion.

2. The first category, which requires only oil API gravity and system
temperature, neglects the oil character (paraffinic, naphthenic, or
aromatic). This negligence may render the category as least accurate.

3. The second category accounts for crude oil character and tends to
give more accurate viscosity predictions. It requires the Watson
characterization factor as an extra parameter. This factor is related to the
oil API gravity and boiling point.

4. Two regression equations were used to express the oil boiling
point, for both pure components and crude oils, as a function of API
gravity. The crude oil regression equation has stemmed from a database
compiled from all over the world for over 3000 crude oil assays,
conventional PVT reports, and literature data.

5. The pure components regression equation may be used for crude
oils having API gravities higher than 30. Eight experimentally-generated
data sets were used to test all viscosity correlations.
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Nomenclature

= oil specific gravity in API units, °API

= oil formation volume factor, bbl/STB

= current system pressure, psia

= oil bubble point pressure, psia

= separator pressure, psia

= solution gas/oil ratio at the bubble-point pressure, SCF/STB
= solution gas/oil ratio at current pressure P, SCF/STB
= system temperature, °F

= separator temperature, °F

= oil specific gravity

= gas specific gravity

= oil density, Ibs

= gas density, Ibs

= undersaturated oil viscosity, cp

= saturated oil viscosity, cp

= dead oil viscosity, cp
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