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Abstract: Considering the fluid flow non-darcy characteristics in fracture-vug carbonate reservoirs, a new multi-scale conduit flow
model production prediction method for fracture-vug carbonate reservoirs was presented using image segmentation technique of electric
imaging logging data. Firstly, based on Hagen-Poiseuille’s law of incompressible fluid flow and the different cross-sectional areas in sin-
gle fractures and vugs in carbonate reservoirs, a multi-scale conduit flow model for fracture-vug carbonate reservoir was established, and
a multi-scale conduit radial fluid flow equation was deduced. Then, conduit flow production index was introduced. The conduit flow
production index was calculated using fracture-vug area extracted from the result of electrical image segmentation. Finally, production
prediction of fracture-vug carbonate reservoir was realized by using electric imaging logging data. The method has been applied to Ordo-

vician fracture-vug carbonate reservoirs in the Tabei area, and the predicted results are in good agreement with the oil testing data.
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Introduction

The Ordovician fracture-vuggy carbonate reservoirs in the
Tarim Basin contain almost no primary pores; fractures and
vugs are the main fluid flow channels and storage and seepage
space!' L. For fracture-vuggy carbonate reservoirs, fluid flow
is mainly influenced by pore structure and pore size. The
production prediction model based on Darcy flow does not
apply to the fracture-vuggy carbonate reservoirs'*.

Production prediction researches based on logging data fall
into two categories. The one based on Darcy flow theory, in
which the corresponding stratigraphic model is built, the cor-
responding production prediction formula deduced, and then
the production predicted by using parameters calculated from
the logging data” ™. Because the storage and seepage space of
fracture-vuggy carbonate reservoir is made up of fractures and
vugs, and the fluid flow in fractures and vugs is non-Darcy
flow, this method based on the Darcy flow theory does not
apply to fracture-vuggy carbonate reservoirs. The other cate-
gory calculates the reservoir characteristic parameters with
logging data, and then is coupled with the well test result to
establish empirical relationships to predict the production via
artificial intelligence, pattern recognition or other meth-
0ds® "L This kind of method relies heavily on regional ex-
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perience, and without a priori theory, it requires a large
amount of data to build model.

Electric imaging logging is a logging method that measures
the conductivity of the formation near the borehole. Due to
the different electrical conductivities of different geologic
bodies, electric imaging logging data can reflect the geologi-
cal phenomena such as fractures, vugs and bedding in the
formation near the borehole wall in images. In fracture-vuggy
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carbonate reservoirs, image segmentation technique
be used to extract fracture-vug parameters from electric im-
aging logging data to characterize the effectiveness of frac-
ture-vuggy carbonate reservoir. So far, there is no report about
wellbore production prediction using the fracture-vug pa-
rameters extracted from electric imaging logging data in light
of fracture-vuggy carbonate reservoir fluid flow characteristics.
Since the fluid flow in fractures and vugs of fracture-vuggy
carbonate reservoir is conduit flow, a multi-scale conduit ra-
dial fluid flow formula in fracture-vuggy carbonate reservoirs
has been deduced based on the Hagen-Poiseuille law. Then,
conduit flow production index was introduced and calculated
with fracture-vuggy area extracted from the electrical image
segmentation. And a new multi-scale conduit flow production
prediction method for fracture-vuggy carbonate reservoirs has
been worked out, and applied to the northern Tarim Basin

Foundation item: Supported by the China National Science and Technology Major Project (20112X05020-008).
Copyright © 2018, Research Institute of Petroleum Exploration & Development, PetroChina. Publishing Services provided by Elsevier B.V. on behalf of KeAi Com-
munications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http:/creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/S1876-3804(18)30041-7&domain=pdf

XIE Fang et al. / Petroleum Exploration and Development, 2018, 45(2): 369-376

fracture-vuggy carbonate reservoirs. The application results
verify the reliability of the method.

1. Formula for multi-scale conduit radial fluid
flow in fracture-vuggy carbonate reservoirs

1.1. Fluid flow in fracture-vuggy carbonate reservoirs

The main storage and seepage space of Ordovician frac-
ture-vuggy carbonate reservoirs is composed of fractures and
vugs. The section of wellbore and fracture-vuggy carbonate
reservoir formation around wellbore after drilling is shown in
Fig. la. Fluid flow in fractures and large-scale vugs follows
the Navier-Stokes equation of viscous incompressible flu-
id"*" In the wellbore, in wider fractures (e.g., a fracture
over 2 mm wide), the fluid flow can be approximately
equivalent to a constant laminar flow in finitely long and infi-
nite extension flat polar plates. The constant laminar flow in
finitely long and infinite extension flat polar plates is ap-
proximate to irregular shaped Hagen-Poiscuille flow™’!.
Vugs in fracture-vuggy carbonate reservoirs usually take a
long time to form by dissolution of fresh water and thus have
long dissolution paths. The dissolution path of a vug is much
larger than the diameter of the vug (a pore with a diameter of
less than 2 mm and a vug with a diameter greater than 2 mm),
so the flow of fluid in the vugs can be approximately equiva-
lent to the conduit flow. In oil production, the flow velocity of
the fluid in vugs is not high, and the fluid flow is approximate
to laminar flow. The Hagen-Poiseuille flow is the solution to
the Navier-Stokes equation of viscous incompressible fluid of
thin conduit laminar flow problemm]. Put together, the fluid
flow into wellbores through vugs of different sizes and finite
long fractures is uniformly equivalent to the flow of the fluid
in thin conduits with different cross-sectional areas.

The flow equation for the Hagen-Poiseuille law that de-
scribes the incompressible Newtonian fluid flow in one thin
conduit is
nApR* _ ApA?
8nAL  8mpAL

Equation (1) shows that the flow of incompressible Newto-
nian fluid through the thin conduit is proportional to the pres-
sure gradient of the thin conduit, and proportional to the
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square of the cross-sectional area of the thin conduit as well.

The differential form of equation (1) is
_ A* dp
N 8nn dL
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1.2. Multi-scale conduit radial fluid flow formula

The fluid flow in dissolution fractures and vugs is simpli-
fied as conduit flow, which is different greatly from the fluid
flow in granular sandstones. In the following derivation, it is
assumed that the Hagen-Poiseuille law can be used to describe
the fluid flow in individual fractures and vugs of fracture-
vuggy carbonate reservoir. By equivalizing the fractures and
vugs into multiple conduits with different cross-sectional ar-
eas, a multi-scale conduit flow model for fracture-vuggy car-
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Fig. 1. Fracture-vuggy carbonate reservoir model (a) and
cross-sectional distribution of fractures and vugs in borehole
wall (b).

bonate reservoirs is established.
A, is the cross-sectional area of the ith equivalent thin

conduit at the borehole wall (Fig. 1b), and % is the effec-

tive capillary pressure gradient of the ith equivalent thin con-

duit. For multi-scale conduit flow model of fracture-vuggy

carbonate reservoir, the differential form of the fluid flow
formula is
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It is assumed that the flow of formation fluid from the

depth of formation to the wellbore is radial fluid flow, the

pressure difference only exists in the radial direction of the

wellbore, and there is no series flow at different depths (Fig.

2). The radial flow in the wellbore is symmetrical about the
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borehole center. In the cylindrical coordinate system, the flow
of fluid in the wellbore can be expressed as
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Thus equation (4) is rewritten as
>4
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Computing the integral along supply radius, we have
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Multi-scale conduit radial fluid flow formula in fracture-

Fig. 2. The radial fluid flow model of bore hole.
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