Predicting oil sands viscosity from well logs,
NMR logs, and calculated seismic properties
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Oil grades based on their viscosities
e Steam injection decreases the viscosity so the bitumen can flow
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Why do we care about viscosity?

* “Viscosity is the key parameter controlling heavy-oil
production and, as we shall see, it also has a strong
influence on seismic properties.” (Han & Liu & Batzle, 2008)

* Knowing viscosity beforehand will greatly aid in planning
the optimal reservoir development strategy




Steam-Assisted Gravity Drainage

* Ultimate goal: Develop
prediction equations for
viscosity (and API gravity)
that can be used on any
nearby well with a
standard suite of logs.

Steam chambers reduce viscosity
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Theory of multi-attribute-analysis




Multi-attribute analysis

* At each time sample, the target log is modeled as a linear combination
of several attributes.
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Example: Predicting Viscosity using 3 attributes

V(z)=w,+w,D(z)+w,G(z)+w,R(z)

where: V(z) = Viscosity (cP)
D(z) = Bulk density (kg/m?) D, G, and R were chosen
G(z) = Gamma ray (APl units) arbitrarily here
R(z) = Resistivity (Ohm*m)

V,|[1 D, G, R,|w,
In matrix form: YZ 21 PZ qz R.z Wy

Vil |l Dy Gy Ry|w;

Or more The regression

compactly as: V = AW coefficients can be solved W = [ATA]-l ATV

for using least-squares:
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Oil Sands Study Area

- Located 40km SE of
Fort McMurray in the
o Athabasca oil sands
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Oil Sands Study Area
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Y |+ 78 TOTAL wells with

L /ff_ﬁ Y & Vviscosity measurements
T

*. | (large well symbols)

» 40 wells with viscosity
measurements and all
+| necessary logs (shown in red)

| * Viscosity range from 9,000
® | cP to 541,000 cP

Mean: 121,000 cP
St. Dev: 100,000 cP

! (Measured at 35°C)
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Type well in the study area
Study IS focused to the McMurray bltumen mterval
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Viscosity Map — base viscosity measurements

Viscosity at

35°C (cP)
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e
Normalizing the logs

Measured(i) — Average
Std. Dev.

x Desired.Std. Dev + Desired. Mean

Output(i) =

“‘Well log normalization identifies and removes systematic errors
from well log data so that reliable results may be obtained for
reservoir evaluation, solving difficult correlation and seismic

modeling problems”,

(Daniel Shier, 2004, Petrophysics)
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Normalizing the Gamma Ray logs

Gamma Ray Distribution for all wells in bitumen zone
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What the normalized logs look like

Normalized logs in red
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Oil sands well with NMR logs

WY%Bitumen ¥NMRiTotallRorosity
P'4 W [2|I 'QeﬂSity_POLO_Sity v NMR_F _P .t 4 I[].1 ohl;nm 1[2|[][2|I
GR Neutron Porositywsnzol .\ o o> Resistivity,
: = = s Ve ""Moveable Fluid 1Moo 2 VALY

45% 0%

240m

Dark gray is bitumen
which NMR cannot see

Magenta is
hydrocarbon in small
pores with poor
mobility

Green is moveable
hydrocarbons in
medium pores

Blue is moveable fluids
in large pores

'{...J' UNIVERSITY OF CALGARY

FACULTY OF SCIENCE
Department of Geoscience




Distribution of NMR Wells

o 78 TOTAL wells
- with viscosity
K : measurements
§§ (large black well
A — symbols)
| 1« 26 wells with
? NMR data
"¢ (shown in green)
y il * None of the
| | viscosity wells
¥ ; : have NMR!
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NMR Predictions from Resistivity, P-Sonic, and Gamma Ray

. NMR:Total
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New Training Model — Calibrate only at viscosity measurement depths
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New Training Model — Calculated Seismic Properties
Old-Viscosity
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Top viscosity predicting attributes

Viscosity from standard logs and NMR Viscosity from calculated seismic properties
New model (normalized logs): New model (normalized logs):
o

;' I(rll?rg:rtr:\r/rg%aw 1. (P-wave sonic)*

' 2. (P-impedance)?
3. (SP)t (P-imp )
4. (NMR Total — NMR Free)? Average validation error: 93,000cP
5. (S-wave sonic)* (0.93 of 1 standard deviation)

Average validation error: 69,000cP
(0.69 of 1 standard deviation)
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Example Well — Smooth viscosity increase with depth

Viscosity from standard logs and NMR

Viscosity from calculated seismic properties
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Example Well — Two viscosity gradients from 440m to 460m

Viscosity from standard logs and NMR Viscosity from calculated seismic properties
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Example Well — Two modelled viscosity gradients

Viscosity from standard logs and NMR Viscosity from calculated seismic properties
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Variations above and below, slow shear s

Viscosity from standard logs and NMR

onic underestimates viscosity

Viscosity from calculated seismic properties
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What if we add depth as a viscosity predictor?

Reservoir Depth vs. Viscosity
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Including depth (height above bitumen base) as a predictor
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Conclusions

e Standard well logs (including predicted NMR) successfully predicted viscosity
with an average error of 69,000 cP (0.69 of 1 standard deviation), and
detected variations between control points.

 Seismic properties (from logs) predicted viscosity with an average error of
93,000cP (0.93 of 1 standard deviation), but detected less variations.

* Including depth improves the prediction in most cases, but will always
overestimate viscosity if the base reservoir has a low viscosity.
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API prediction using only NMR for a test well
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Expected WTAR

WTAR calibrated

to fit core

Green space is the
free oil estimated
from the movable
bulk volume
(CMRP) NMR curve

Viscosity, Permeability, NMR, and Free Oil

Schlumberger permeability:
— K = f(Total NMR Porosity)*
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SP as a predictor

SP Viscosity prediction equation
Q using only SP:

n = 136000 + 4940In(|SP|)
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Viscosity Measurement

* Cone and Plate Viscometer is typically used for heavy oil

* The resistance to the rotation of the cone produces a torque that is
proportional to the shear stress in the fluid

< TORQUE_
G DYNE-CM. | . ShearStress
NRADIAN/SEC.  Viscosity =
R CM. -] ShearRate
Y- 353 L
2TR -f
McKennell (1956)
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Viscosity Concept

N k
1cP=1mPa-s=O.001Pa-s=O.001—2-S=O.001 9
m m:-s

y dimension * If a fluid is placed

between two plates
with distance 1 m, and
one plate is pushed
sideways with a shear
qradient, 2 stress of 1 Pa, and it

' dy moves at “u” m/s, then
it has viscosity of

“u” Pa-s

boundary plate

(2D, moving) velocity, u

shear stress, t

fluid

boundary plate (2D, stationary) o
Image credit: Wikipedia
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AP| Gravity — Viscosity Relationship

API Gravity vs. Viscosity
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141.5
T I = — 131.5
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Measurements from Correlation: 0.69
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10
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Bitumen Density — Viscosity Relationship

Bitumen Density vs. Viscosity
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Measurements from | correlation: 0.68
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AP| Gravity — Bitumen Density Relationship

API Gravity vs Bitumen Density
13 Correl 0.999 | Measurements from
orrelation: 0. .
12 78 project wells API = — 131.5
= ) 9
S| 11 psample
o ® b S0 =
9|10 P Pwater
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Bulk Density — Viscosity Relationship

Measurements from
40 project wells

2600

NN

1800

Bulk Density from well logs (kg/m?3)
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Bulk Density — Viscosity Relationship

Map density
(=
o Measurements from .
. = 40 project wells Correlation: 0.11 .
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McMurray formation viscosity measurements

Height above base of bitumen (m)

Viscosity Gradient
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Dead oil viscosity (cP)
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100040308406W400
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- Viscosity tends
to increase with
reservoir depth

- Located about
10km south of
the study area

ConocoPhillips AER Report (2015)
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Uncertainty of the Viscosity Measurement

Miller et al (2006): Should you trust your heavy oil viscosity measurement?

Viscosity Measurement Blind Test Results
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Velocity Dispersion
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Kato & Onozuka & Nakayama (2008)

* Velocities tend to increase
with measurement
frequency

- Laboratory measurements
give higher velocities than
sonic logs or seismic data

- Example from a heavy oill
field 50km SW of Fort
McMurray
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Predicting viscosity from un-normalized well logs
IS found usmg 4 attrlbutes

* Optimum viscosity prediction

Attribute Units
1. 1/(ResMedium) 1/[ohm-m]
2. (GammaRay)? [API]12
3. 1/ (P-wave sonic) 1/[us/m]
4.

In|ResSeparation| ohm-m

Average Error (cP)

Viscosity [17]= —96870 + (

(176220000

P—sonic

985300
ResMedium

) - 31660,/GammaRay +

, ) — 10970In(|ResSeparation|)

73000
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77000

76000 —r

75000
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71000

70000
69000
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67000

\‘w
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172,000 cP-
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~@__Validation Error

Al Well Error
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Nu3mbe|4' of A’Sctribuetes
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Predicting viscosity from NORMALIZED well logs

* Normalized logs do not noticeably improve the prediction

Attribute Units 79000—;‘ 3 All normalized

1. 1/ (ResMedium) 1/[ohm-m] “++ (exceptresistivity logs)
2. In|GammaRay| In|API| S|t — | |
= — ‘Error-before normalization

3. (ResShallow)¥2  [ohm-m]2 o | | | | |
L 1 . = | | |

4. 1/ (P-wave sonic)  1/[us/m] o S Ustdition Tror
S | 72000 - e P —— 1

] Q —. ! —

5. (S-wave sonic)l? [us/m]/2 Z|re] | | | | | |
6. (Wt % bitumen)? [96] /2 ’° : — AlFrWell E‘rror :

w168,000-€P-

2 Nun31ber c;f Attributes
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Predicting LOG10(viscosity) from un-normalized well logs
e Optimum log10(viscosity) prediction is found using 3 attributes

Attribute Units
1. In(ResShallow) In[ohm-m]
2. Gamma Ray [API]
3. 1/ (P-wave sonic) 1/[us/m]

Average Error

000000

=--_»xmy\g[_|gat|on Error —
' B R, s

-~ All Well Error —=—

Number4 of Attributes
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Predicting LOG10(viscosity) from NORMALIZED well logs

* Normalized logs do not noticeably improve the prediction

Attribute Units
1. In(ResShallow) In[ohm-m]
2. In(Gamma Ray) In[API]
3. 1/ (P-wave sonic) 1/[us/m]
4. (S-wave sonic)? [us/m]?
5. ResM/ResS [unitless]
6. (Wt % bitumen)? [%6]2

Average Error

All normallzed |
(except re5|st|V|ty Iog_)

' Error before normal:zatlon

—~_Validation Error

~All WeII Error

2 Number of Attrlbutes 7
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Key Points — Viscosity from standard log suite

To predict viscosity directly, 4 well log attributes should be used:
1. 1/ (ResMedium)

2. (GammaRay)?

3. 1/ (P-wave sonic)

4. In |ResShallow|

To predict LOG10(viscosity), 3 well log attributes should be used
1. In |[ResShallow|

2. Gamma Ray
3. 1/ (P-wave sonic)

Normalizing the logs did not significantly improve the prediction ®
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Viscosity predictions from standard log suite

Emerge_Viscosity35C_Logs

270m

280m

290m

300m

290m

300m

310m

RES D Emerge_Viscosity35C_Logs RES D Emerge_Viscosity35C_Logs RES D
60 @ 60000 01 owm 1000 600 @ 600000 0.1 ohm 1000 1000 @ 1406 01 ohm 1000
Viscosity 35C GR RES_M T Viscosity 35C R RES M T Viscosity 35C GR RES_M o7

600 @ 6000000 ML 1001 oem  M00S0  usjn 3N 600000 0 WL 15001 om 00050 usm 300 o @ 1640060 ML 15001 chom 10050 wi 30

ViSOi ietivi 4 . t ° 2eile » . Viscosit s "THIE
GR Resistivity P-sonic A/  GR Resistivity P-sonic 18/ GR Resistivity P-sonic

- g -
og10jVisc: | isC

L'c

10}Visc

290m

300m

310m

320m

Top Error: 32,000 cP
Base Error: 45,000 cP

Top Error: 62,000 cP
Base Error: 41,500 cP

Top Error: 24,000 cP
Base Error: 204,000 cP
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Should we predict Log10 Viscosity or linear Viscosity?
Log10 viscosity errors converted back to linear space

0 cP | 100,000 cP 200,000 cP

T T
000000000000000000000000000000000

<z g =

Count
[]

Mean: 49,600 cP
ST.D: 51,800 cP

Average linear viscosity
error (72,000 cP)
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Using Calculated Elastic Properties to predict viscosity
Goal: Use seismic to predict viscosity

I‘.IIIICIDD ecosty 35 1ye+I]"ZIlSI I‘I.E ET:?B 2.51 IEIII':I ::;'; 31','-[II:II :ZJ EUIkMDE:}U;UE_m;ﬁSmeI D?_Epﬂ Em:;'ﬁests et I}.E 2 I"F:..IllllnIIIZLsst“:I 3 U PI?:;":;};T’E}I&” }"CIEICI
m Densify F;'SOI'IIC Bulk Medulus POISSOH - .::;Vp / Vs P Impedance
3 Shear Medulus t S Impedance
S -SONIC Yﬂung 5 MDdUIUS ra |0 P EIEStIC Imp
PS Elastle Imp
L
Ext Elastlc‘lmp
280m
Bitumen
Bitumen
Bitumen
Bitumen 300m
Bitumen
Bitumen
Bitumen
E 320m
I tto 3
o
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Using un-normalized Elastic Properties to predict Viscosity
* Something is wrong with the input well log attributes

Attribute Units
1. Bulk Modulus [Pa]
2. 1/ (P-Imp.) 1/[m/s * g/cc]

3. (S-Impedance)? [m/s * g/cc]?

4. (E. Elastic Imp)? [m/s * g/cc]?

Average Error (cP)

85250 |

83250 —

183,000 P

000000

Number of Attributés
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Using NORMALIZED Elastic Properties to predict Viscosity

e Optimum viscosity prediction is found using 5 attributes

Attribute Units
1. Bulk Modulus [Pal]
2.1/ (Density) 1/[kg/m?3

3.1/ (PS-Elast Imp) 1/[m/s * g/cc]
4. (Young’s Modulus)!/2 [Pa]l?

5. P-Elastic Imp [m/s * g/cc]

Average Error (cP)

n = —2527000 + 0.00009(BulkModulus) — (

413430000 s
(PS_Elast Imp) + 17.06(YoungsModulus)

—573.2(P — Elastic Impedance)

695 541000)
Density

83000

183,000 cP-

182,000 cP

Error before normalization

81000
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Viscosity predictions from calculated elastic properties

|Ea~er;e_"is:oszt,'3x_aa~::ﬁ'o ¥p¥s_Ratio NORM Youngs Moduus NORM_m | Elastic Impedance NORM_ Il Emerae Viscosity35C_ElastPro VoVs Ratio NORM Younas Modubus NORM m | Elastic Impedance NORM

Emerga_Viscosty35C_ElastPro Vp's_Rato NORM Youngs Modulus NORM _m | | Elastic Impedance NORM_

z " Y ™ 2 ‘ NN (mis\*akee) DO .-~n i o 4 RN AnAR ) 3 3 o L) %7,
P SRl s 330 B LaUD QRN DCReY @ G002 wiles 350 P LoD (o) NOOMI0 @ 0622 wifess 320 P2 15ew0D  (uk)fokd 300
I 11} I | | | ] T " 1] I 1 |
Viscosity 35C Density NORM Buk Modulus NORM_math | -PS-Impedance NORM_mat - 5 S - 1 3 |
500 @ 600000 1400 kfm3 23000 Pa 1530100  (mfs)*{gfcc) 3000 Viscosity 35C Density NORM Bulk Moduus NORM_math | PS-Impedance NORM_mat Viscosity 35C Density NORM Buk Modulus NORM _math | | PS-Impedance NORM_mat
I : i i : ! 00 @ 600000 1400 kim3 2300 Pa 1540100  (mfs)¥(g/ec) 3000 I’;OZ'J @ 1e4006 1400 kim3 23000 Pa 15e+0100  (mfs)*{afcc) 3000
I ) I | I T 1 " I T 1L T

6
Vp/Vs Y. Mod P-Elast Imp Vp/Vs Y. Mod P-Elast Imp

280m 290m

300m

310m|
310m

320m

Top Error: 70,000 cP Top Error: 45,000 cP Top Error: 31,000 cP
Base Error: 100,000 cP Base Error: 131,000 cP Base Error: 255,000 cP
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Adding height above bitumen base as an attribute

* Optimum viscosity prediction is found using 5 to 6 attributes

Attribute Units

(Ht. above bitumen)/?
In(|SP|)
1/ (ResMedium)

[m]1/2
[none]
1/[ohm-m]

[API]
1/Jus/m]

Gamma Ray

a k~ W D RE

1/ (P-wave sonic)

n = 24380 — 29600VHtAboveBitumen

3957In(|SP|) + 610800
* n(SPD + (ResMedium)

— 1643(G R 119300000
(GammaRay) + ( P sonic)

Average Error (cP)

72000_Jl

00000

60000

55000

168,000 P

66000

All attributes — including
~ height above bitumen
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éErrorwithout depth-
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Vlsc05|ty prediction using NORM Elastic Properties AND depth

Viscosity 35C
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