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Abstract. Thermobaric tests are performed on Bazhenov oil-bearing shale
containing above 10% of kerogen in view to determine its rheological proper-
ties. The test specimen under a statistical axial load is heated stepwise at tem-
peratures T, = 60, 100 and 150 °C with measurements of height H(z). The
temperature is risen if relative velocity of H gets less than 0.05. Deformation of
the specimen is described by Kelvin—Voigt model, within which the inverse
problem is stated and solved to determine Young module E, and effective
viscosity 7, of rocks by H (7). The results of solution are approximated by two-
parameter exponential functions, E = E(T) and n = n(T) relationships are
established.

The lab-scale test bench is designed and manufactured to study the rela-
tionship of granular geomaterials permeability versus stresses. A polyurethane
measurement cell of parallelepiped shape is filled with sized sand; controllable
vertical stress ¢ is applied to different sections of the top edge. The constant gas
pressure p is created on one of vertical edges, while gas flow rate Q(p, o) is
recorded on the opposite edge. The mathematical model of experimental is
developed. Hypothesizing that permeability depends on effective stress
according to the exponential law with coefficient f in index, the analytical
solution is found to the problem on stationary filtration in a cell under a non-
uniform stress state. The researchers propose the process for quantitative esti-
mation of [ based on minimization of the relative discrepancy functional
between Q and the theoretical value of gas flow rate. It is appeared that 5 can be
determined without reference to gas viscosity and an initial permeability of
geomaterial packing. According to the present test results § magnitude used to
reduce slightly with stress growth.

The poroelastic model describing evolution of geomechanical and hydrody-
namic fields in a near-well zone was employed for comparative analysis of
metering characteristics of a well in terms of the routine deformation and
poroperm parameters of production oil-bearing beds. It is demonstrated that a
disregard of the established empirical relationships of permeability versus
effective stresses and temperature can result in an appreciable upward bias of oil
production prediction.
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1 Introduction

Substantiation of the oil pool development conception, estimation of underground
reservoir production characteristics, GIS data processing are items of the far from
complete list of problems which solution rests on the reliable information on poroperm
properties of rocks, and regularities of their variability in the course of deposit
exploitation [1-3]. Cross-disciplinary evolution models of different-nature physical
fields are applied to study deformation and mass transfer in the well environment [4—11].
Intercoupling of these fields is described by empirical relationships, established, as arule,
under laboratory conditions. The relations of rheological and poroperm properties of
reservoir rock versus stresses [12—14] and temperature [15] can serve study cases of such
dependences being occasionally of the dominant factor for flow characteristics of a well.
The present paper deals with establishment of empirical relationships of permeability vs.
stresses and temperature based on the laboratory data for different-type geomedia, as well
as the effect of such relationships on flow characteristics of a well is assessed in the frame
of the geomechanical-hydrodynamic model [16] of fracture-porous medium.

2 Experimental Investigation of Bazhenov Shale Rheological
Properties at Different Temperatures

The world hydrocarbon reserves are mostly represented with problematic resource such
as low-gravity oil and bitumen [17, 18]; oil deposit of Bazhenov formation being surely
of the said type. Such oil fields are conventionally developed by the thermal oil-bed
treatment with both positive and negative effects: fluid viscosity reduction is of positive
value, while decrease in permeability owing to fall of deformation parameters of rocks
with temperature rise is a negative after-effect [19, 20]. Bazhenov rock (bazhenite)
series contain up to 10% of organic matter functioning as a binder, thereto, their
mechanical characteristics tend to alter wildly under thermal treatment.

The research objective is to establish empirical relationships of bazhenite rheological
properties versus temperature. Under investigation was a collection of five cylindrical
specimens of radius R = 14 mm and height Hy = 35.8 mm, sampled from Bazhenov
formation (Salym petroleum deposit, West Siberia). The tests were executed at the
original test bench (Fig. 1a), which design is presented in Fig. 1b. A specimen placed
between two aluminium punches was charged to a tube-type furnace. The system was
subjected to vertical compression by a load of M = 23 kg in mass, followed by a stepwise
heating. The specimen temperature was controlled by a heat sensor (red line in Fig. 2),
variations in height versus time H(¢) were recorded by a dial-test indicator (absolute
precision being 1 pm). Given arelative variation in H for 12 h becoming less than 5%, the
temperature was increased up to a magnitude of the follow-on level for a few minutes,
therewith the specimen used to elongate because of the thermal expansion of the rock.
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Fig. 1. Test bench (a) and experimental design (b): 1-heat-sealing base; 2, 4-bottom and top
punches; 3-specimen; 5-load; 6-temperature-control module; 7-tube-type furnace; 8-heat
sensor; 9—dial-test indicator; 10—stand.

Test data — variations in a relative height of the specimen D(¢) = H(t)/H, — are
shown by green circles in Fig. 2.
Let us consider axial strain

e(y=1—H()/H(t,)

at successive time intervals [t,,2,11) (n =1,2,3), where #, — time moment when
constant temperature 7, is reached in the test specimen (Fig. 2). In each of these
intervals ¢ tends to a constant magnitude, so the deformation process can be described
by Kelvin-Voigt viscoelastic model [21, 22]

En8+ r’né = S? g(tn) = 0’ (1)

where E, and 7, are Young modulus and viscosity of geomaterial, respectively; S =

Mg/ (nR?) is constant stress applied to the specimen, g is gravity acceleration. Solution
of (1) is

8(t) = &1 — exp(=En(t = 1a)/,]; )
¢ = S/E, is residual strain.

Let state the coefficient inverse problem: to find E, and #, from thermobaric test
data (Fig. 2). Introduce the objective function

In ilé iaEna n _siz
ou(euny =Y P )
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Fig. 2. Temperature graph and experimental data (Specimen 4).

where &(1;, E,,n,) is a value of function (2) at some values of Young module and
viscosity; input data ¢ = 1 — H(#;)/H(t,) are calculated by a measured specimen
height at moment #; summing is performed relative to i, for which #; €[t,t,+1) I, —
their amount, Table 1, line 2). A priory estimation of Young modulus ES =
SHy/(Ho — Hpin) (Hpyin — the minimum specimen height at the study time interval) is
reported in Table 1 (line 3).

Table 1. Rheological properties of Specimen 4 at different temperatures.

N 1 2 |3
T,, °C 60 | 100 | 150
I, 1 |36 |52

E°, MPa |211.5|66.0|50.8
E;, MPa | 220.6|59.8 |47.1
i, TPa-c|1.48 |7.387.95

WD AW N =

According to numerical experiments, the objective functions are unimodal: Fig. 3
demonstrates level lines of ®,. The minimum point (EZ, ;) of @, (Table 1, lines 4 and
5), bringing a solution to the inverse problem was found by a modified conjugate-
gradient method [23].

Approximation of the data in Table 1 (line 4) gives the relationship of Young
modulus versus temperature

E(T) = Eyexp(—oT/Ty), (3)

where Ty = 20 °C, Ey = 647.9 MPa and o« = 0.384, the relative error being 19%.
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Fig. 3. Level line of objective functions: @, (a); O, (b); O3 ().

It is known [24, 25], that permeability k and porosity m of rocks are related through
an empirical law

k = m’/? (4)
and m depends on mean normal stress ¢ [26]
m(a) = moexp(—a/K), (5)

where K — bulk modulus, positive values of ¢ correspond to compression. Given
3K = E/(1 —2v) (v — Poisson ratio), it is possible to find the relationship of perme-
ability vs. stresses and temperature from (3), (4), and (5)

9(1 —2v)o

k(T) = k(To)exp 2E,

(exp(2) — exp(aT/To)) |, (6)

value k(7)) can be determined by standard procedures [27, 28].

3 Experimental Determination of Stress—Permeability
Relationship in Granular Geomaterials

The gas-hydrate reservoirs are usually granular [29] or weakly consolidated [30] media,
which poroperm properties depend on grain-size composition, porosity, packing and
other characteristics [31-33]. The stress state of well environment, packing of a
granular matter, and, as a consequence, poroperm properties suffer changes as soon as a
producing horizon is exposed and gas-hydrates production is launched. A good deal of
laboratory [34-38] and field [12, 39, 40] data is stored on the relationship of rock
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(mainly oil-bearing rock) permeability k versus stresses. Experimental data used to be
approximated by exponential function [13, 14]

k(ae) = koexp(—fia.), ()

where g, = p — ¢ is effective stress, p is fluid pressure, f§ is empirical coefficient. For
rocks of 15-20% porosity 22 0.001 — 0.01 MPa~!. Publications containing similar
test data on granular media are much scarce in number [41, 42]. However consideration
of permeability—stress relationship of type (7) in multiphysical models, describing
deformation and mass transfer in a near well zone [43], appreciably influences
hydrodynamic and electromagnetic fields and therethrough GIS data inversion results
when estimating potential productivity [44].

In the present paragraph, the approach to determine the relationship of granular
material permeability versus stresses is substantiated theoretically and evaluated on a
physical model.

3.1 Experimental Design and Test Procedure

A measurement cell is a polyurethane sleeve of parallelepiped shape of [ = 105 mm in
length, 4 = 30 mm in width and height with end closed with metal flanges with con-
nectors to a measurement system (Fig. 4). The cell is filled with calibrated sand of 160—
250 pm in size, 1650 kg/m’ of bulk density and 0.165 kg of total weight. The sand was
subjected to the maximum consolidation in the wetted state and follow-on drying in the
sleeve. The vertical stress Sy was individually applied by means of a loading device to
every of three by, b,, b3 sections of the top edge under control of stress gauges Sy, S
and S5 (Fig. 5). The side edge x = [ was under the constant air pressure p = p;, on the
opposite edge p = pg (po — atmosphere pressure); the flow rate was measured in the
stationary filtration mode.

Flow rate Qg was recorded at p; = 2.0,2.2, .. .,3.0 bar for the initial packing. Stress
Sy =9 bar was applied at section by; flow rates Qyy, ..., Q16 were measured at the
same values of p;, next section b, was loaded and finally the load was applied to section
bs. The relative test values of Qj, = Qi /Qo are summarized in Table 2.

The cell was shaked before every next series of measurements. The initial filtration
characteristics of the test packing were controlled by measuring of flow rate Qy(p;).
Then the loading of sections in the top edge of the physical model was repeated in the
above sequence with flow rate measurements: the data on Sy = 10.5 and 12 bar are
cited in Tables 3 and 4, respectively.

3.2 Model of Experiment

The stationary filtration in the cell was described by a 1D model, including continuity
equation

divV =0 (8)

and Darcy law
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Fig. 5. Experimental design and boundary conditions of the model.

Table 2. Relative flow rate under Sy = 9 bar

i | pi, bar| Qp, cc/s | Section of loading

by by, by | by, by, b3
n=1n=2|n=3
Oin
2.0 123 1.031 | 0.894 |0.715
2.2 154 1.089 1 0.913 |0.717
2.4 208 1.074 1 0.907 | 0.736
2.6 224 1.149 1 0.925 | 0.758
2.8 266 1.123 1 0.934 | 0.823
3.0 307 1.174 1 0.982 | 0.835

[N R R R S R
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Table 3. Relative flow rate under Sy = 10.5 bar

i | pi, bar | Qy, cc/s | Section of loading

by by, by | by, by, b3
n=1|{n=2n=3
Oin
2.0 121 1.046 | 0.794 | 0.649
2.2 150 1.056 | 0.826 | 0.685
24 205 1.044 1 0.834 | 0.688
2.6 223 1.077 | 0.854 | 0.718
2.8 265 1.099 | 0.882 | 0.724
3.0 305 1.122 10.907 | 0.746

AN N AW N =

Table 4. Relative flow rate under Sy = 12 bar

i | pi, bar | Qp, cc/s | Section of loading

b1 bl, bz bl, bZ’ b3
n=1n=2|n=3
Oin
2.0 120 1.002 | 0.743 | 0.627
2.2 147 1.011 | 0.774 | 0.639
24 204 1.018 | 0.784 | 0.641
2.6 222 1.022 {0.792 | 0.657
2.8 264 1.057 | 0.797 | 0.661
3.0 305 1.073 | 0.866 | 0.692

(o RNV RIF RS R SR

V=—kVp/u, ©)
where V = (w,0,0), w is velocity in x direction (Fig. 5), p is gas viscosity, k is

permeability, depending on effective stress under (7), p is pressure. System (7)—(9) is
reduced to equation

9 (ko pio-p) P
(=2 =) = 1
Ox (u ¢ Ox 0 (10)

with boundary conditions (Fig. 5)

p(0) = po, p(l) = pi. (11)

Solution of system (10), (11) is
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plx) = %ln [0 4 (P — ™) G(x, B)/G(1, B)]. (12)

G(x, B) = 15 ef9dé, (&) is distribution of mean normal stress within interval
[0,{]. In the case under consideration ¢ is a piecewise-constant function, in particular, if
a load is applied at section by, then o(&) = SyZ(I/3 — &)/3 (Z being Heaviside step
function). It should be note that at § — 0 from (12) it follows

p(x) = po+ (pi — po)x/L.
Using (12), it is possible to determine a flow rate at x = 0

. opi, p) = QoF(Pn([lj); o)
koh* pi—, __ex i) —ex
Qo =550, Floi B) = =250 aup

thereto Q possesses the following properties
1imp,-~>pg Q(Pi» ﬁ) =0 hmﬁHO Q(pia ﬁ) = Q0~

Level lines F(p;, ) at Sy = 6 bar and different loading schemes n are shown in
Fig. 6 in dimensionless coordinates (p;/po, fpo). It is explicit that pressure p; at which
F > 1 is observed at any f values; it should be considered as a consequence of (7):
provided p > o, then permeability exceeds initial value k.

Fig. 6. Level lines of F: n =2 (a); n =3 (b)

3.3 Interpretation of the Experimental Data

Let assess empirical parameter f in terms of test results on relative flow rate Q;, under
different loading schemes n and pressure p; (Tables 2, 3, and 4). To do this, let consider
the objective function

B S F e ) - )
Zi:l Ziﬁ:l Qin

represented a relative discrepancy between theoretical and test values of flow rate. The
minimum points of ¥ are required f3, cited in Table 5 for different stress values Sy. The

()
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tendency turned out is though insignificant, but reduction in parameter f§ in (7) with
growth of stresses in a granular medium alternatively to the case with rocks.

Table 5. Parameter f§ in (7) from the experimental data

Sy, bar | ., 1/bar | A, %
9.0 0.215 45
10.5 |0.198 6.9
120 |0.189 5.6
A =W¥(B,) - relative error

Figure 7 demonstrates the new-obtained relationships F(p;, ) at f = f,, digits
nearby the lines indicate the model-loading schemes; circles are test data.

pl.,bar
2 25 3 2 2.5 3 2 2.5 3

(7 M

] D bar ] D, bar
0~6 T L LA ¥ T X ” L LA | 0-6 T L4 LI LI | L K X ¥ T

Fig. 7. Functions F(p;, f): Sy =9 bar (a); Sy = 10.5 bar (b); Sy = 12 bar (c)

It is essential to lay emphasis that the new-proposed method enables to determine
parameter f§ in empirical relationship (7) disregarding a viscosity of a fluid used in the
tests and initial permeability of a packing practiced for a granular geomaterial.
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4 Analysis of Well Output Characteristics Under Stress-
Dependent Permeability and Thermal Treatment of Oil-
Bearing Formation

A rise of temperature in a production bed leads to reduction in viscosity u [19, 44, 45]
and growth of compressibility C [46] of oil, and a fall of the matrix bulk module K
(given that kerogen content being high) along with accompanying decline in perme-
ability. Let analyze the effect of the above factors on metering characteristics of a well
in terms of an axis-symmetric model of a fracture-porous rock mass [47]. The effective
compressibility of the oil-filled formation can be evaluated as

Ce:moC—i-(l—mo)/K, (13)

where K is calculated by (6). In Table 6 the laboratory test data on Bazhenov highly-
viscous oil at different temperatures are reported in cursive [45, 46].

Table 6. Viscosity and compressibility of oil at different temperatures.

T, °C 20 |40 |50 |60 |80 |100 |120 |150
u,Pa-s 3.11(2.47 |2.06 1.74 |1.44|1.07|0.82|0.55
10°C, Pa=! |0.91 | 1.28 | 1.45 | 1.67 | 2.09 | 2.64 | 3.29 | 4.76

The present data are approximated with exponential functions:

u(T) = poexp(=01T/To) (14)
(4y = 4.064Pa - s, 6; = 0.266, relative error A = 3.4%) and

C(T) = Coexp(0,T/Ty) (15)

(Co =0.797 - 10°Pa™!, 5, = 0.238, A = 1.5%), which are used to calculate the rest
values of u and C in Table 6.

Let apply the thermal treatment to an oil-bearing bed within an external reservoir
boundary (for example, by steam injection [48]); constant temperature 7 is gained.
Introduce empirical relationships (13), (14), and (15) (Case I) and next additionally (6)
(Case II) into the poroelastic model of borehole environment [16, 47] and simulate an
annual oil production volume V.

The computation is based on routine deformation and poroperm properties of a
productive oil bed [3, 49], occurring at 2 km depth. Figure 8a demonstrates time
variation of V at different temperatures 7 (in relation to the maximum value V,,,, at
T; = 150°C) in terms of the model (Case I). Figure 8b shows the same function, but
computed with regard to variations in permeability under (3) (Case II). It is explicit that
the selected numerical parameters of the geomechanical-hydrodynamic model can
really give the double overestimated production rate prediction in the case of
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Fig. 8. Annual oil production volume V: Case I (a); Case II (b)

disregarding the thermal effect on elastic characteristics of an oil-bearing bed, viz., the
resultant permeability decline as a consequence.

5 Conclusion

The processes enabling to establish a quantitative relation between filtration properties
of oil-bearing beds consisting of granular and high-organic rocks versus stresses and
temperature are theoretically justified and tested. The processes rest on solving the
coefficient inverse problems using test data obtained at original laboratory test facilities.
The comparative analysis of metering well characteristics revealed that a disregard of
the empirical permeability—effective stress relationships might lead to appreciably
overestimated oil production prediction.
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Basic Research: Project No. 16-05-00573 (paragraphs 2&4) and Project No. 18-05-00830
(paragraph 3).
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