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1-Introduction

The heterogeneity analysis and hydraulic flow unit (HFU) determination of hydrocarbon reservoirs play an
essential role in reservoir behavior. Understanding this property helps interpret and predict fluid flow during
secondary recovery, enhanced oil recovery methods, and reservoir compartmentalization (Alpay, 1972; Ahmad,
2001). There are available numerous publications in the literature (Fahad et al., 2000; Shedid and Reyadh, 2002;
Prasad, 2003; Hatampour et al., 2014; Mahjour et al., 2016; Lian et al., 2017) in the field of hydraulic flow unit
application and reservoir characterization. In the present research work, hydraulic flow units of the Dalan and
Kangan formations in selected two drilled wells (Well# B and Well# A) of one of the oil fields in the Persian
Gulf basin were determined. The previous research works are also emphasized on the complexity of oil fields in
this region (Insalaco et al., 2006; Tavakoli et al., 2010; Aliakbardoust and Rahimpour-Bonab, 2013; Dezfoolian
et al., 2013; Rafiei et al., 2016).

2-Oil field understudy

The South Pars Gas Field is known as the giant hydrocarbon field globally, which is located at the boundary of
Iran and Qatar countries. The Kangan and Dalan Formation is divided into four main layers as K1, K2, K3, and
K4 (Fig. 1 and Table 1).
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Fig. 1. Schematic location of South Pars Gas Field (modified after Insalaco et al., 2006) and the thickness of stratigraphic units.

3- Methodology
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Hydraulic flow unit (HFU) is a method to classify rocks' flow property based on pores' geological parameters
and flow physics. The method is mostly applied to estimate permeability in wells without core samples using
well logs data. However, standard methods for permeability estimation are based on experimental relations (e.g.,
Coates, 1981) or logarithmic regression of porosity well logs (e.g., Chandra, 2008).

LnK=a ®+b

Which a and b are constant values, K is permeability, and ¢ is porosity. By combining Darcy and Poiseuille
equations permeability and thus effective porosity can be calculated (Berg, 2014).
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Therefore Flow Zone Indicator (FZI), reservoir quality index (RQI), and normalized porosity (Dz) are
calculated (Amaefule et al., 1993). The constant value of 0.0314 is used to convert mm2 to mili darcy.
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RQI logarithmic plot based @, will be linear. Each line presents one HFU.

A heterogeneity degree is an accurate way to evaluate used data of a system. Its values vary from 0 (min) to 1
(max) (Ahmad, 2001). Heterogeneity degrees are commonly determined by Lorenz constant (L). The
heterogeneity value of the Kangan-Dalan reservoir is 0.84-0.86 in wells under study based on the Lorenz
coefficient calculation, indicating high heterogeneity.

4- Results and discussion

The results revealed three flow units using improved stratigraphic Lorenz plot, core data, well logs, and related
equations. The method was used to divide formation given flow units in the environment of Geolog software.
The results revealed that HFU1 - HFU3 and HFU2 are indicating higher and lower reservoir quality,
respectively.

Flow units were identified based on the disconnecting plot. These lines present different reservoir quality since
the dip of the line is proportional to reservoir quality. Three sets of core data based Log FZI were identified as:
HFU 1: Log FZI< - 0.568; HFU 2:-0.568 < Log FZI< 0.865; HFU 3:

Log FZI> 0.865

All well logs data also verify three sets of FZI.
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Fig. 2. Determined flow units based on dip variation and Lorenz plot in drilled wells understudy.

However, the average permeability values in well-A and well-B for three flow units (from UHF-1 to HFU-3) are
1.002-0.799; 35.93-10.50; and 42.03-67.47 md, respectively, but in total view, it is determined the following
variation: 0.86, 29.8, and 60.5. The average porosity values are: 21-20.7 (25% in total); 14-15 (14% in total);
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and 3-10.4 (4% in total). Regarding the study of unit characteristics, grain size variation contributed to
petrophysical parameters and sometimes causes a reverse variation of porosity and permeability in flow units.
The reservoir presents heterogeneity, given all characteristics and lithological changes as well. Based on
petrographic analysis of 1600 thin sections of Kangan and Dalan Formations, twelve sedimentary lithofacies
were determined that include:

Supratidal flat (anhydrite layer with chicken wire fabric: CF1);

Tidal flat (laminated stromatolite boundstone often with laminoid fenestral fabric = CF3);

Lagoon (dolomitic/lime mudstone often with fenestral fabric and big anhydrite nodoule=CF2;

Lime/dolomitic skeletal/peloid wackestone to packstone often with oncoids=CF4;

Heavily bioturbated peloidal mudstone/dolomustone with few skeletal debris= CF9;

Dark shaly laminated mudstone with sponge spicules and framboidal pyrite= CF11); shoal (Cross bedded
Medium-grained ooid grainstone/dolograinstone: CF5;

Grained skeletal/intraclastic grainstone/dolograinstone with oncoids:

CF®6; peloid/ooid grainstone/dolograinstone with few skeletal debris: CF7;

Grainstone (storm deposits) (dolomitized) with anhydrite plugging: CF8); and open marine (open marine
fossiliferous mudstone/dolomudstone with few special bioturbations (Zoophycos): CF10).

It seems the shoal environment is predominant during Dalan deposition, while the lagoon environment is less
critical comparing Kangan depositional environment. Generally, all these facies can be classified as mud or
grain support modes. Dolomitization, cementation, and fracturing are the main significant factors.
These facies were also discussed given reservoir quality and diagenetic processes effects (Fig. 3).
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Fig. 3. Hydraulic flow units based on Log FZI data presentation and diagenetic effects. HFU in different clustering; (a) 5 units, (b) 3
units, (c) Porosity-permeability plot and grain size distribution, and (d) Diagenetic processes effects and facies, porosity-permeability
variation (Sadeq and Wan Yusoff, 2015).

5-Conclusion

The reservoir is too heterogeneous because of all geological and petrophysical properties. Three HFUs were
determined. Hydraulic flow unit distributions in 5 reservoir zones were exhibited that zone-4 is in the best
quality state due to the predominance of HFUL. Therefore, according to the present results, the reservoir
behavior is too much difficult to predict in other locations.
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Fig. 2. Lorenz constant presentation to show the reservoir heterogeneity in wells understudy.
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Fig. 3. Determined flow units based on dip gradient and Lorenz plot in drilled wells understudy.
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Table. 1. Main statistical parameters of flow units in drilled wells understudy.

Well No. A
Statistical parameters Reservoir _
. . .. Flow Units
Mean Mode Deviation Maximum Minimum parameters
0.26 0.263 0.072 0.404 0.047 Porosity x 0.01 HEU 1
1.002 0.638 1.18 7.3 0.008 Permeability LogFZI<-0.415
0.14 0.146 0.08 0.34 0.007 Porosity x 0.01 HEU 2
35.93 5.519 96.39 888.137 0.005 Permeability 0.3>LogFZI>-0.4
0.03 0.017 35.4 0.11 0.003 Porosity x 0.01 HFU 3
o LogFZ1>0.3

32.03 3.396 56.44 200.54 0.018 Permeability

Well No.B
0.207 0.21 0.073 0.342 0.069 Porosity x 0.01 HEU 1
0.799 0.39 0.947 4.48 0.033 Permeability LogFZ1<-0.568
0.15 0.13 0.074 0.315 0.019 Porosity x 0.01 HEU 2
10.50 1.64 18.45 89.47 0.013 Permeability 0.975>LogFZI>-0.568
0.104 0.054 0.10 0.249 0.002 Porosity x 0.01 HFU 3
67.46 3.75 91.98 260.16 0.009 Permeability LogFZ1>0.984

Data Sum
0.25 0.259 0.07 0.4 0.047 Porosity x 0.01 HEU 1
0.86 0.52 1.04 7.36 0.0085 Permeability LogFZI<-0.568
0.14 0.149 0.079 0.34 0.007 Porosity x 0.01 HFU 2
29.8 4.11 81.22 888.13 0.0051 Permeability -0.568<LogFZ1<0.865
0.04 0.026 0.045 0.19 0.0025 Porosity x 0.01 HEU 3
60.5 3.98 130.36 673.73 0.0092 Permeability LogFZI>0.865
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Fig. 5. Hydrulic flow units (HFU) based on Log FZI in different cases: (a) 5 units, (b) 3 units, (c) Poro-perm plot along with grain
size fields, and (d) Effectiveness limits of diagenetic processes, facies and poro-perm variation (Sadeq and Wan Yusoff, 2015).
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Fig. 6. Hydrulic flow units based on well logs data of wells-A and B.
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Fig.7. Facies frequencies in the Dalan and Kangan formations in drilled wells understudy.
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Fig.9. Thin sections micro and SEM pohotographs of mud supported facies; (a and d) Mudstone facies with low reservoir quality.
(b and e) Dolomitization. Mud supported facies suffered an intense dolomitization and dolomite crystals seems to form in two
stages which decrease porosity and permeability, (c and f) Mud supported facies of far from lagoon sites. Coarse and auto morph

crystals increase porosity and permeability. Measurements values are also indicating an increasing in porosity and permeability and
so the reservoir quality improvement in these facies.
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Fig. 10. Selected microphotographs of grain supported facies with inter and intra granular porosity. (a-b) Dolomitized
circumgranular cement, (c) Facies with fracture. The permeability potential however decreases by cement process but

dolomitization improve it. Intra and inter granular porosity along with well sorting increase the reservoir quality in shoal facies
(ooid grainstone).

T - =N
s @) slails o g slails

sl b g glils loww (0l (Jieglss g il 8)lge (S 50

€V ISty ol ont lgl3 il el o o )las ) cpl o (K0S
Sy 4 x5 Ll U Ol 5 3k sanl Grieee S
AW 43‘)‘\\ JS.-A ) ax]lao S99 ‘_thb;\;)LA ‘_gdl.e[uw &) Ja.a?u

ol

Inner Ramp

YL e )l |y S3e kS o yeS a5 _Jeails slooluk

Ao J5d55 plie 1 T crger 45 0l 092 Ll o (glacil lages
shls oyl ol Ko Slw (D g AV JSE) ogdce amls
ouds jyame il o (B Slii g ais (o5 25l Sy Y S

| Mid Ramp [

Sabkha Intertidal Lagoon Shoal Complex
Leeward Centeral Seaward
Shoal Shoal Shoal

Landward Intertidal

e S

"‘\ a\,’. Depositional Environment
L

Reservoir
quatity

Seaward Intertidal

(53l (grgmy brazme Joo )3 (55 CondnS 0aliS J5S (s 535ke sladi] B on yiege (SasSTn V) S
Fig. 11. The distribution of main diagenetic processes controlling the reservoir quality in proposed sedimentary environment model.
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