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Abstract

Field development typically requires detailed petrophysical analysis and well
defined hydraulic flow units for comprehensive formation evaluation and re-
servoir characterization. In the present study, pay zones petrophysics are stu-
died using an assembly of well log data from 8 wells together with core plugs
measurements. Petrophysical analysis showed a good reservoir quality with
average water saturation increasing toward the East and Southeast of the
study area. Using a multi-linear regression technique on well logs and core
data, permeability is estimated at well locations for flow unit characterization
and flow capacity calculation. Results showed that five hydraulic flow units
are identified through the studied wells, with relatively good correlation. Such
correlation indicated a good continuity in the net pay zone of Abu Madi
Formation in the Nile Delta reservoirs. The developed hydraulic flow units
(HFUs) are classified according to its hydraulic conductivity into two main
categories: the first category comprises the units with low permeability (K <
220 mD), and the second category involves the units with high permeability
(K > 1270 mD). The reservoir flow capacity (RFC) of these units indicated the
development of 4 distinct classes (~11, ~30, ~80, and greater than 130 D.ft).
The wells within the Northwestern part of the study area showed three HFUs
that relatively vary from those located at the Southeast where two HFUs are
only developed. In addition, the Southeastern part of the reservoir is charac-
terized by good RFC as indicated by the development of high order HFUs (3,
4, and 5) compared to the Northeastern part with predominated low order
HFUs (1, 2, and 3). Such results are crucial for the efficient field development
and profound reservoir management of oil and gas fields in the Nile Delta.
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Characterization, Flow Capacity

1. Introduction

Effective description for efficient reservoir characterization and the synergy of
geological and engineering techniques are the key parameters for a comprehen-
sive reservoir management [1]. Amaefule et al [2], defined reservoir characte-
rization as the combined efforts that discretize the reservoir geobody into sub-
units of suitable size such as layers and/or grid blocks with all physical proper-
ties assigned to each subunit. Typically, data from various sources including
cores, logs, well test, and production data are utilized to describe the reservoir
in terms of texture, fluid content, and hydraulic characteristics. Normally, the
variation of measurement protocols greatly influences certain rock properties
such as porosity, permeability, grain density, and capillary pressure that also
vary with the change in geological factors such as the environment of deposi-
tion and diagenetic history [3]. Therefore, the efficient reserve calculations and
improved reservoir productivity should not entirely use empirical correlations
but rather adopt relationships based on core-derived parameters and well log
measurements [2] [4]. In addition, the cut-offs play an important role in the rea-
lizations of the asset value, and consequently a properly conditioned set of pe-
trophysical cut-offs for reservoir characterization. A better synergy between the
static and dynamic reservoir models is an additional influential parameter to
consider [5].

Permeability estimation is essential for reservoir modeling and development
management due to its strong relation to the production rate [6]. In a general
sense, permeability increases as porosity, grain size, and/or improved sorting in-
creases [7] [8]. Geologists and reservoir engineers attempt to correlate the per-
meability via rock and fluid properties [9]. Thus, permeability prediction using
rock properties should be developed for the zones that relatively share similar
properties. Alternatively, Ebanks [10] introduced the term “flow unit” to subdi-
vide the reservoir volume into a number of flow units based on geological and
petrophysical properties that influence the fluids flow across the reservoir. This
concept was later modified by Ebanks et al [11] to involve a mappable portion
of the total reservoir within which geological and petrophysical properties that
affect fluids flow are consistent and predictably different from the properties of
other reservoir rock volumes. In clastic rocks, these flow units are characterized
hydraulically using flow zone indicator [2] as presented by References [12] and
[13]. On contrast, in carbonates, rock fabrics are used as a characterization crite-
rion that showed better correlation with pore structure and conductivity [6].
Due to the limited frequency and continuity of core data, permeability is usually
estimated using well logs in mature fields.

Permeability prediction form static data can be grouped into two categories;

pore (micro) scale as in core analysis and field (macro) scale as in well test. In
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field scale category, various well log measurements are utilized rather than mi-
croscopic rock properties. Various forms of porosity-permeability correlation
have been developed to provide a reasonable estimate to permeability from well
logs [14] [15] [16] [17] and/or pore scale analysis [18] [19]. Permeability can be
predicted using well log data and core permeability linear regression (single or
multiple) analysis [20] [21], artificial neural-networks [22] [23], and decision
tree [24]. Alternatively, in pore scale category, effective permeability can be ap-
proximated using specific calculated parameters such as porosity and irreducible
water saturation as in Timur and Schlumberger models [25]. Recently, Mo-
hammadmoradi and Kantzas [26] applied computational fluid dynamics and
Direct Simulation Monte Carlo (DSMC) techniques to calculate pore-scale per-
meability. Generally, these models are dependent to the pore characteristics of
the geobody including pore neck dimensions, pore size and the dominant pe-
tro-fabrics [6].

Of these numerous techniques, multilinear regression of log data seems sim-
ple and several studies indicated its potential application in permeability predic-
tion for both clastic and carbonate reservoirs. Multiple Linear Regression (MLR)
technique is applied to develop a correlation between permeability and inde-
pendent parameters for a heterogeneous sandstone Formation [22] [27] [28]
[29]. Saner et al [30] applied a similar methodology for a carbonate reservoir,
whereas Rios et al [31] used principal component regressions of Nuclear Mag-
netic Resonance (NMR) and Mercury Injection Capillary Pressure (MICP) data
to predict permeability of carbonate rocks. These successful applications proved
that it is possible to apply the MLR for the development of permeability correla-
tions to the Abu Madi Formation. Abu Madi Formation represents the main gas
producing horizon in the Nile Delta and is made of a marine series of Lower
Pliocene thick sand bodies that is in part pebbly or sporadically enclose thin
shale interbeds. The shale content increases upward to change the facies into the
overlying Kafr El Sheikh Formation showing a typical gradational contact [32].
Such variation in facies correlates with the change in the depositional environ-
ment from deltaic (Abu Madi) to shallow marine (Kafr El Sheikh). Detailed se-
quence stratigraphy framework of Abu Madi and Qawasim Formation in the
Central Nile Delta is delineated [33], and the gas potential is evaluated at several
fields, e.g. Abu Madi and El Qara Fields [34]. However, the detailed reservoir
characterization and architecture of the producing zones are not well addressed
that makes understanding the hydrocarbon flow across the reservoir significant-
ly difficult. In the present study, a detailed methodology to characterize the pay
zones of Abu Madi into HFUs and calculate their flow capacity is described us-
ing permeability-derived from multiple linear regression of available well log
data. Such information is crucial for understanding the hydrocarbon flow across

the reservoir and helps improving the efficiency of the static reservoir models.

2. Data Set and Methods

The key reservoir characteristics and dominant HFUs in Abu Madi pay zones
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are investigated using 8 well logs (AMD1 to AMD6, AMD8 and AMD9) and
SCAL data of two wells (AMD2 and AMDY5). These wells are located in the Mid-
dle Delta area that extends up to Mansoura city (Figure 1). In all wells, the availa-
ble logs involve Gamma ray, Neutron porosity, bulk density, shallow and deep
resistivity, and caliper. Sonic log is only reported for AMD2 and AMD4 wells.
To accomplish the objective of the present study, the integration between well
logs and core data is properly manipulated. Among the various logging tech-
niques currently in use, the reservoir petrophysical properties in Abu Madi pay
zones are derived using the interpretation procedures illustrated in the flow

chart of Figure 2.

2.1. Petrophysical Calculations

Lithological composition is formulated either as three mineral components
(sandstone, siltstone, and clay) using density and neutron logs or four minerals
components (sandstone, limestone, dolomite, and clay) where density, neutron,
sonic, and photo electric effect (PEF) logs are available [35]. An accurate shale
volume estimation is essential for porosity and fluid saturation corrections be-
cause its effect on the calculations of these parameters. In addition, shale volume
is essential for the determination of the net pay thickness and N/G ratio, an es-
sential parameter in volumetric calculation of hydrocarbon reserve. Shale vo-
lume is calculated using several methods including gamma ray [36], shale resis-
tivity index (Z) (Schlumberger, 2007), and neutron-density method [35]. Table
1 summarizes the mathematical relations applied for Vshale calculations and
other petrophysical properties in the present analysis. To calculate a reliable po-
rosity estimate, both density and neutron porosity corrected for shale content
are calculated [37] and the resulting values are geometrically averaged to yield
the density-Neutron porosity (®y.p) [7] [38]. Due to its flexibility to involve the
effect of various parameters such as lithological composition and others, Indo-
nesia equation is utilized to calculate water saturation. Typically, hydrocarbon
saturation (Sh) is calculated as a function of Sw according to the simple relation
“Sh=1-Sw”".

2.2. Permeability Calculation

In the present study, both micro and macro scale categories are tested to de-
termine the best model that fits optimum prediction of permeability in the
study area. Timur and Schlumberger models [25] are respectively described
mathematically in Table 1. MLR analysis is a model-based technique and has
been suggested as a useful tool for correlating the permeability to rock prop-
erties if the number of variables is more than two [39]. In MLR, various log
measurements (GR, TNPH, RT, and RHOB) are utilized to predict permea-
bility using the corresponding core permeability as a constraint. MLR pre-
diction model is first built and calibrated using core permeability and well

logs data taken every 1 ft in reservoir interval of AMD2 well and subse-
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quently validated using core permeability of AMD5 well. In addition the
same core data is used to compare the MLR permeability predictions with
those of Timur and Schlumberger models to determine the model with best

performance.

Table 1. The mathematical relations applied to calculate the petrophysical parameters for
Abu Madi reservoir, Nile Delta.

Parameter Equation Reference
J GR,, - GR,
Shale Vol Vsh a =
hale Volume (Vsh) GR,.. =GRy, Bassiouni, 1994
Using Gamma Ray Log
v, =0.083(27" —1)
LR (ReR)
R/ (Rumn - R«[m‘)
Shale Volume (Vsh) For R, greater than 2*R,, then
. L o67en) Schlumberger, 2007
Using Resistivity Log V0 =0.5x ( 2% Z)
Otherwise,
VA/VR(‘.\‘ = Z
Density Porosity (¢, ) Por = Pos “Ls | _ygp| Lo =P Dresser, 1975
Pua =Py Pa = Py
Neutron Porosity ( ¢N‘»m ) ¢wa = ¢N - |:( (?I\Zhs J x0.30x V,m:| Dresser, 1975
2 2 .
Average Porosity (¢, , ) 4., = M ‘ Salley, 1998; ‘
Np 2.0 Asqith & Krygowski, 2004
Water Saturation (S — )
ater Saturation (Sw) LIy S N . Schlumberger, 2007
(Poupon-Leveaux) R, axR, R,
Hydrocarbon Saturation (S;) S, =1-5, Bassiouni, 1994

Fx Rw/
Residual Hydrocarbon 8, = R N
X0 Bassiouni, 1994

Saturation (Sj,)
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S, =1-8,
Permeability (k) o+
K =8581 Brock, 1986
Timur Model * Swirr® roc
Permeability (k) #*
K =10000 Brock, 1986
Schlumberger Model * Swirr® roc
D kh
Flow Capacity (Fm) F = Z"—‘kh,m =1,...,n Gunter, et al., 1997
=i
>
Storage Capacity (®m) [0 =ﬁ;m =1,..,n Gunter, et al, 1997
=t i
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Figure 1. Location map to the study area showing well sites.
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Figure 2. A flow chart of the applied methods.

2.3. Reservoir Characterization

This involves Hydraulic Flow Unit (HFU) identification and Reservoir Flow Ca-
pacity (RFC) calculation. Reservoir flow units can be identified using the modified
Lorenz plot method described by Gunter et al [40]. This method involves calcu-
lating the cumulative flow capacity (Fm) (Table 1), and then defining the cumula-

tive storage capacity ®m (Table 1). Such calculations are applied for each depth
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interval through the studied wells. The plot of Fm versus ®m identifies the hy-
draulic flow units through the change in slope. Such analysis enables tracking the
identified hydraulic flow units developed throughout the reservoir, both vertically
and spatially. RFC is characterized based on the statistics of calculated permeabili-
ty in the different flow units and their corresponding thickness throughout the
studied well. Mathematically, RFC for a specific flow unit is approximated by mul-
tiplying the average calculated permeability (D) by the measured thickness (ft). On
local scale, RFC can be characterized into categories based on the calculated capac-
ity that falls between very poor and excellent RFC. All calculations and data analy-

sis have been accomplished using IP version 3.4 software [35].

3. Results and Discussion

The log data of eight wells penetrating the reservoir pay intervals are evaluated
qualitatively for consistency. In addition, the reservoir zones are quantitatively
evaluated for clay volume, porosity, and fluid content. A sample of log analysis
and preliminary interpretation is presented in Figure 3. For each well, several
statistical analyses are conducted to reveal the trends in each property distribu-
tion, vertically and spatially. Results of these statistical analyses on pay results for
porosity, water saturation, volume of clay, residual hydrocarbon saturation,
movable hydrocarbon saturation and net/gross ratio are presented in Table 2. In
the present study, delineation of net pay zones is accomplished using reasonable
cutoffs values (clay volume: 20%, porosity: 15%, and Sw: 40%), selected based on
the conventions with guidance of the operating companies. The net pay thick-
ness for all available wells (Table 2) shows that the gross thickness of the pay
zones varies between 18.3 ft at AMD9 well and 168 ft at AMD2 well with an av-
erage thickness of 112 ft. Alternatively, the net pay thickness of these wells are
respectively 11.3 and 156 ft with an average pay thickness of 98 ft. The
Net-to-Gross ratio calculated for these zones showed the lowest values at AMD9
well (0.62) while the highest value is reported at AMD1 well (0.98). Generally,
the thick intervals are encountered at the central parts of the mapped area and
decrease gradually towards the Northwest and Southeast directions.

A simple statistical analysis for porosity measured at all wells (Table 2) indi-
cates that porosity experienced insignificant changes as indicated by the low av-
erage standard deviation (1.1), with a substantial vertical variations within the
reservoir interval as observed across AMD3 and AMD9 wells, where the stan-
dard deviation for these wells reports 5.5. Results in Table 1 show a relatively
good average reservoir porosity that varies between 26.5% (AMD9 well) and
20.9% (AMD3 well). The average calculated reservoir porosity of all wells re-
ported 23.5%, and most of the reported porosity values are falling close to this
value indicating lower standard deviation (1.1%). Such porosity pattern may in-
dicate the presence of at least 2 channels system passing through the study area
and are separated by numerous point bars or levees. In channel systems, the

sand content associating higher porosity values normally increases relative to silt
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and clay contents, while point bars and levees usually have higher silt and clay
contents (Figure 3). Due to its physical behavior, shale content strongly affects
the calculations of water saturation and porosity [41]. Therefore, accurate clay
volume estimates are important for the compulsory Sw and porosity corrections.
The average Vclay varies between 0.05% at AMDS8 well and as much as 12% at
AMDS6 well with an average value of 5.9% throughout the tapped reservoir in-
tervals. The Vclay shows moderate changes in most wells as the standard devia-
tion usually falls between 0.06% to 1.3%, but such variations markedly increase in
AMD3, AMD4, and AMD5 wells to report 1.6%, 1.65%, and 1.7% respectively.

Depth | Flag Gamma Ray Porosity Input Resistivity Saturation Porosity Lithology
0.5 TNPH (CFCF) o1, AT90 (OHMM) 001, SWUDee) [ g5 PHIT(Dec)  f o VWCL (Dec) 1
D(ef;t))th Cutoffs | GR(GAPI) ;5| ; RHOZ(G/C3) , ,|,, RXOZ(OHMM) ot  SXOU(Dec) g5 PHIE(Dec) gf PHIE (Dec) 0
140 DT3R (USF 40 ‘ Hydrocarbon 0 VSILI(Dec) 1
g{{-‘ - =l 3
3 12
2
{‘g E
9900 5 =
| —— —1
==
—
10000 S
4 .
{ ¢
-:_:3 - “ﬁ
| = 1

Figure 3. Log data and the interpretation of petrophysical parameters in AMD1 well.

Table 2. Results of the statistical analyses on the pay petrophysical parameters in Abu Madi reservoir, Nile Delta.

Petrophysical Average Calculated Parameters at Wells Net Pay Statistics
Parameters AMDl AMD2 AMD3 AMD4 AMD5 AMD6 AMD8 AMDY9 Min. Max. Avg. StDev.
Porosity
%) 22.8 23.6 20.9 23.5 24.5 23.5 23 265 209 265 235 1.6
Clay Volume
7.1 4 10.1 4.5 7 12 0.5 1.6 05 120 59 4.0
(%)
Water Saturation 20 226 21 232 20 242 36 264 200 360 242 52
(SW, %) : . . . : : : .
Resid. HCSat
32.4 36.7 51.7 21.7 47 33.4 31.9 357 217 517 363 9.3
(SHCr’ %)
Mov. HC
0.11 0.10 0.06 0.13 0.12 0.10 0.07 010 006 013 01  0.023
(per Volume)
Net/Gross
%) 98.0 93.3 97.8 84.5 84.8 81.6 74.8 616 617 933 871 123
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Water saturation and hydrocarbon mobility is typically determined to deli-
neate potential permeable zones with movable hydrocarbon as a prerequisite for
well development and production strategy. The reported average Sw of pay re-
sults is 24.2% with 5% standard deviation while the maximum Sw (36%) is re-
ported in AMDS8 well indicating spurious effects induced by such increase. The
highest average water saturation could be attributed to the higher clay content
dispersed within the reservoir sand. Generally, marked higher Sw values are re-
ported in wells located in the Eastern part particularly near the NE and SE seg-
ments of the reservoir. The average movable hydrocarbon varies between 27.3%
at AMD3 well and 55.1% at AMD4 well with average value 39.5% and standard
deviation 9.7%. Such statistics indicate moderate changes in the average movable
hydrocarbon calculated at different wells. Alternatively, the residual hydrocar-
bon calculated showed approximately inversed relationship to the average mov-
able hydrocarbon at different wells (Table 2). The statistics of the net pay showed
that the highest bulk volume (0.08) of water (BVW) is reported at AMD8 well
while the lowest BVW (4%) was in AMD3 well.

3.1. Permeability Calculations

Permeability prediction is a key parameter for successful reservoir characteriza-
tions but unfortunately, its measurement is always a challenging task both
technically and economically. In the present study, Timur and Schlumberger
models are applied to calculate permeability in Abu Madi pay zones. Timur
permeability correlates very well with Schlumberger permeability for AMD2
and AMDS5 well (Figure 4 Left). However, when compared to the core permea-
bility at these wells low to moderate agreement is observed between the meas-
ured and calculated values (Figure 4 Right). In both wells the calculated poros-
ity showed a good agreement to the measured porosity in core samples (Table
2). Generally, in AMD2 well two trends are observed as the calculated permea-
bility is overestimated where the core permeability fall below 1000 mD but is
underestimated where the core permeability records over 1000 mD. Alterna-
tively, in AMD5 well where permeability does not exceed a 1000 mD, the calcu-
lated permeability showed erratic responses to the measured permeability with
notable large variations (more than double the values) between the measured
and calculated values. Thus, reliable estimation of permeability cannot be pur-
sued with these methods, and therefore MLR approach, as field scale data, is
applied to predict permeability taking core permeability values as a reference
for comparison.

Using core permeability and well log data recorded every 1 ft at the reservoir
interval of AMD2 well, MLR model is developed to predict permeability using
well log measurements, and subsequently the predicted values are validated us-
ing core permeability data of AMD5 well. As a function of GR, TNPH, RT, and
RHOB readings, the permeability (K-value) can be calculated using MLR model

as;
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Figure 4. The permeability calculated by Timur and Schlumberger models (left) and a
comparison between measured and calculated permeability (right) in AMD2 and AMD5
wells.

K=10A

15.673177-1.2518737 * Log (GR)+2.0795269 * Log (TNBH )
+1.1522252* Log (RT)—30.74073 * Log (RHOB)

Accepting the match between calculated and measured permeability in AMD5
well shown in Figure 5, the MLR model is considered calibrated and capable to
predict K-values in the other wells using log data records. Table 3 presents the
results of the average calculated permeability in the reservoir interval of all wells
penetrating Abu Madi Formation in the Nile Delta and the spatial distribution of
the permeability is presented in Figure 6. The results of calculated permeability
show that Abu Madi Formation has a relatively good permeability (hundreds of
mD) in all wells except AMDS8 well where it reports 89 mD. The permeability
distribution map (Figure 6) shows marked decrease in the Mideast region near
AMDI1 and AMDS8 wells. Such observation supports the assumption of the de-
velopment of a point bar at this region of the study area adjacent to the course of

a paleo-channel where the other wells are located.

3.2. Hydraulic Flow Units (HFU) Characterization

For each well, the Modified Lorenz plot (Fm versus ®m,) is constructed and the
change in slope delineates the HFUs in this well [40]. These plots enable charac-
terizing the developed HFU vertically while the lateral extension of each HFU is

pursued through well-to-well correlation, as presented in Figure 7. Such analysis
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Table 3. The average calculated permeability for the available wells in Abu Madi reser-
voir, Nile Delta.

Well AMD1 AMD2 AMD3 AMD4 AMD5 AMD6 AMD8 AMD9
Avg. K (mD) 234.7 767.8 569.0 1399.3 609.4 594.8 89 478.5
Permeability (mD)
1 10 100 1000
10220
g
< 10240
|53
a
10260 —]
=== Measured K
== Calculated K
=== MLR K

Figure 5. The measured core permeability compare to both calculated Timur
permeability and MLR permeability at various depth in pay zone of AMD5 well.
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Figure 6. The spatial distribution of average calculated permeability in Abu Madi reser-
voir, Nile Delta.
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Figure 7. Well-to-well correlation showing the lateral extension of the developed HFUs
across Abu Madi reservoir, Nile Delta.

provides indirect tool to check the accuracy of the Modified Lorenz plot in iden-
tifying the flow units in each well. Abu Madi Formation showed various HFUs
distributed throughout the reservoir. Each HFU is statistically analyzed and the
results are tabulated in Table 4. The statistical parameters indicate reservoir he-
terogeneity through the studied sedimentary section. Data clustering of Table 4
indicated the development of at least 5 HFUs with various hydraulic capacities.
These hydraulic capacities of the HFUs can be characterized in terms of the pre-
vailed average permeability (Table 4). Accordingly, the developed HFUs is ca-
tegorized into five orders according to its hydraulic capacity that extend between
1 for units with poor capacity (K < 220 mD) and 5 for units with excellent ca-
pacity (K > 1270 mD). Based on these criteria the developed HFUs are correlated
among wells and the results are presented in Figure 7.

HFU1 is encountered at 4 wells (AMD1, AMD3, AMD5, AMD8) distributed
along the reservoir with a thickness ranges between 19 ft at AMD5 well and 180 ft
at AMDS8 well. Figure 8 (upper) shows the thickness distribution map of the
HFU1 in study area, where the thick zone occurs at the Northeastern part and de-
crease gradually to disappear near the middle parts. The average permeability in
the studied wells varies between 77 mD in AMD8 well and 220 mD in AMD1 well,
with corresponding standard deviation of 30 and 215 mD respectively (Table 4).
In addition, the hydraulic flow capacity (HFC = [Thickness (ft)*Hydraulic con-
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ductivity (mD)]/1000) of HFU1 indicates that AMD3 well has the highest flow
capacity among the studied wells, but the associating high standard deviation
indicates reservoir heterogeneity that results in tortuous flow regimes at this lo-
cation. Thus, it is expected that the flow regime in AMDS8 well, with lower per-
meability, lower standard deviation, and a relatively higher flow capacity, is
probably encountering lower tortuosity. HFU2 occurs in three wells (AMDI,
AMD?2, and AMD5) with thickness between 16 ft. in AMD5 well and 33 ft in
AMD?2 well. The thickness distribution map (Figure 8, lower) shows that HFU2
predominates the middle part of the reservoir and decreases gradually towards
the Northeast and disappears near the Southern parts. The average permeability
calculated in this unit falls around 300 mD with a standard deviation as low as
134 mD in AMDS5 well to 819 mD in AMD2 well (Table 4). Despite the high
standard deviation of permeability in AMD?2 wells, there is a marked increase in
its hydraulic flow capacity (13.2 D.ft) compared to the HFC in AMD-1 well (5.3
D.ft) and AMD5 well (4.6 D.ft).

HFU3 is also encountered at 3 wells (AMD1, AMD2, AMD6) with a thickness
varies between 26 ft at AMD1 well and 81 ft at AMD2 well. The thickness dis-
tribution map (Figure 9, upper) reveals a gradual decrease in the HFU3 thick-
ness towards the Northwest and Southeast, but the notable increase in thickness
towards the Northeast and Southwest is not real and presents contouring arti-
facts as it is not supported by real field measurements. The average hydraulic
conductivity reported in this unit falls around 500 - 600 mD with a standard
deviation as small as 365 mD in AMDI1 well to 600 mD at AMD2 well (Table 4).
HFU 3 reported calculated flow capacity between 12.5 D.ft in AMD1 well and 50
D.ft in AMD?2 well, representing a transition stage between the low flow capacity
in HFU1 and HFU 2 and the high flow capacity in HFU4 and HFU5 (Table 4).
HFU4 occurs in 5 wells (AMD2, AMD3, AMD4, AMD5, and AMD?9) with a
thickness between 13 ft. in AMD9 well and 59 ft. in AMD4 well. The thickness
distribution map of HFU4 (Figure 9, lower) shows a relatively full coverage
through the study area with thick zones (~60 ft. thick) encountered at the
Northwest and Southeast separated by HFU3-zone of less than 20 ft thick. HFU4
presents a high flow capacity unit with calculated permeability between 820 mD
at AMDS5 well and 1270 mD at AMD2 well (Table 4). The permeability varia-
tions in individual wells showed a marked change as indicated by the calculated
standard deviation that varies between 370 mD in AMDS5 well and 1470 mD in
AMD4 well. The calculated flow capacity reported values as low as 14 D.ft in
AMD?5 and AMD9 wells but increase to report 70 D.ft in AMD2 and AMD4
wells (Table 4). HFU5 is encountered at 5 wells (AMD3, AMD4, AMD5, AMDS6,
and AMD?9) with the majority of these wells having thickness of approximately 5
ft (AMD3, AMDS5, and AMD9 wells) but a relatively thick zone (53 ft.) is also
found at AMD4 well. This is clearly depicted in the thickness distribution map
(Figure 10) where these thick zones are found at the South-Southwestern part of

the reservoir. The hydraulic conductivity of this unit shows absolutely higher
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values and typically varies between 2250 mD (AMDG6 well) and 4100 mD (AMD3
well). Despite this high calculated permeability, it is expected that the flow re-
gime suffers a considerable tortuosity as indicated by the high standard devia-
tion of permeability that falls between 2200 mD to 3000 mD (Table 4). Due to
the small thickness, the HFC calculated in most wells fall between 15 and 20 D.ft,
while considerably large values (138 D.ft) are calculated at AMD4 well.

Figure 8. The thickness distribution map for both HFU1 (upper) and HFU2
through Abu Madi reservoir, Nile Delta.
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Figure 9. The thickness distribution map of HFU3 (upper) and HFU4 (lower)
through Abu Madi reservoir, Nile Delta.
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Figure 10. The thickness distribution map of HFU5 through Abu Ma-
di reservoir, Nile Delta.

Table 4. The HFUs statistics and the calculated reservoir flow capacity for Abu Madi reservoir, Nile Delta.

HF1 HFU2 HFU3

Wells Thick (ft.) E;g? Std Dev  HFC T(I;tlc)k E;g? StdDev  HFC T(}f’tlc)k E;g? Std Dev  HFC
WKh-1 55.0 2200 2150 121 200 2660 3100 53 260 4820 3650 125
WKh-2 - ; ; ; 33.0 3990 8190 132 810 6230 6010  50.5
WKh-3 90.0 1780 2520 160 ; ; - ; ; ; ; -
WKh-4 - ; ; : ; ; - ; ; ; ; ;
WKh-5 19.0 1260 1000 24 160 2850 1340 46 - - - -
WKh-6 - - - - - - - - 300 4900 4100 147
WKh-8 150.0 77.0 300 116 - - - - - - - -
WKh-9 - ; ; ; ; ; - ; ; ; ; ;

HFU4 HFUS

Wells T(};:c)k i(n:;? StdDev  HFC  Thick (ft.) E;I‘;f StdDev  HFC Sum HEC
WKh-1 - ; - - - - - - 30.0
WKh-2 540 12680 8830 685 ; ; ; - 132.1
WKh-3 410 10590 13090 434 5.0 4120 2238 206 80.0
WKh-4 500 11330 14690 668 53.0 2611 2488 1384 205.2
WKh-5 180 8200 3730 14.8 40 3953 2757 158 375
WKh-6 - - - - 28.0 2270 2975 636 783
WKh-8 - - - - - - - - 11.6
WKh-9 8.5 998.0  882.0 8.5 5.0 3673 1358 184 2638
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The total flow capacity at each well reflects the reservoir flow capacity at the
location of this well. The calculated reservoir flow capacity within Abu Madi
reservoir (Table 4) might be classified into 4 categories. The first category in-
cludes the lowest flow capacity (~11 D.ft) and is well-presented in AMDS well,
while the second category involves wells with capacity around 30 D.ft (AMD1,
AMDS5, and AMD?9 wells). The third category involves wells with high calcu-
lated capacity that falls close to 80 D.ft as reported in AMD3 and AMD6 wells.
The fourth category represents the highest reported flow capacity with values
typically greater than 130 D.ft that was calculated in AMD2 and AMD4 wells
(Table 4). Generally, HFU 4 and HFUS5 is responsible for the high total reser-
voir flow capacity in categories 3 and 4, while HFUS5 is particularly responsible
for the high flow capacity encountered at AMD4 well (205 D.ft) and AMD6
well (78 D.ft). Generally, wells located in the Northwestern part of the reser-
voir (AMD5, AMD3, AMD?2, and AMDI1 wells) develop 3 HFUs that relatively
vary from the two HFUs (Figure 7) developed in wells of the Southeast
(AMD6, AMD9, and AMD4 wells). Only one well (AMD8 well) develops a
single HFU that occupies the central part of the reservoir and separates the
two sets of HFUs. Generally, the Southeastern part of the reservoir is characte-
rized by good flow capacity as indicated by the development of higher HFUs
(3, 4, and 5) compared to the Northeastern part with lower HFUs (1, 2, 3, and
4).

4. Conclusion

The petrophysical analysis and reservoir characterization of Abu Madi Forma-
tion indicated the presence of at least 2 paleo-channel systems, separated by nu-
merous point bars or levees that constitute the important pay zones of Abu Madi
Formation. In addition, the high hydrocarbon reserve wells are aligned at shal-
low depth pay zone while the low reserve wells are encountered in the deeper
parts of the reservoir indicating upward migration towards the shallow parts and
hydraulic continuity across the reservoir. The higher shale content sometimes
hinders the hydraulic continuity through the pay zone and, therefore, some shal-
low pay zones may show low reserve. After testing the performance of Timur and
Schlumberger models to predict permeability using core data, multi linear regres-
sion approach using GR, TNPH, Rt, and RHOB records is applied and the pre-
dicted permeability values showed a good match to core measurements. Using
the predicted permeability, hydraulic flow units are characterized through the
reservoir. The developed HFUs are categorized according to its hydraulic capac-
ity from 1 for units with poor capacity (K < 220 mD) to 5 for units with excellent
capacity (K > 1270 mD). The wells in the Northwestern part of the reservoir de-
velop 3 HFUs but the Southeastern wells develop 2 HFUs characterized by good
flow capacity. The central part of the reservoir reported only one HFU. Such
characterization data are crucial for reservoir development and forecasting re-

servoir performance using modeling techniques.
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