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SUMMARY
The Steamflooding was considered in this research to extract the discontinuous bitumen layers that are
located at the oil-water contact for the heterogeneous light oil sandstone reservoir of South Rumaila Field.
The reservoir heterogeneity and the bitumen layers impede water aquifer approaching into the reservoir;
therefore, Steamflooding would be efficient to extract bitumen layers and improve oil recovery. This
research focused on adopting three Design of Experiments (DoE) approaches with thermodynamic
reservoir flow simulation to identify the most influential factors that impact the reservoir performance
through Steamflooding process. Meanwhile, the thermodynamic simulation was used to evaluate the
various what-if scenarios and compute cumulative oil production that was considered as a response in the
experimental design procedure.
In this paper, full factorial design (FFD) and orthogonal arrays design (OAD) were adopted along with
Hammersley Sequence Sampling (HSS) for that purpose. HSS is a low discrepancy and uniform space
filling decimal points sampling that provide multiple levels for each factor. The factors are steam injection
pressure, steam quality, steam injection rate, steam temperature, and number of injectors. To validate the
overall design and each factor, analysis of variance (ANOVA) test was used to assess the influential role
for each factor.
In comparison with no-injection base case, Steamflooding has proved its feasibility to extract bitumen and
improve recovery factor that reached to 80.018% by the end of 12 years prediction period; nevertheless,
oil recovery for the base case was only 68.231 %, which is equal to the value with Steamflooding only
after 11 months when the Steam injection starts.
The linear DoE model of HSS has shown its validity to handle wide variety experiments of the problem.
The main influential factors that were identified by DoE models are steam quality, steam injection rate and
some of the interaction terms that include other factors.
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Introduction
Steamflooding has been widely taken into the consideration of improving oil recovery in heavy/light
oil reservoirs because of its efficiency to promote the reservoir and fluid properties. Once the steam is
injected into the subsurface, the heat spreads away from the injection point until reaches the area that
is cooled from the surrounding formations and the condensation formulation begins. There will be
also heat loss to the surroundings below and above the formation (Shuhong, et al., 2008).
The process of heating the reservoir results in reduction of oil viscosity because of its highly sensitive
to the temperature leading to enhance oil displacement towards the production wells (Prats, 2002).
The distribution of the remaining heat into the reservoir depends on the reservoir properties such as
permeability, formation thickness, reservoir temperature, steam quality, thermal conductivity, and
volumetric heat capacity especially in multi-layered reservoirs (Mandl and Volek, 1969). Moreover,
the steam flooding efficiency depends on the oil saturation values to be more than 40% as the
efficiency of displacing and production performance increase as the oil saturation increases (Mandl
and Volek, 1969; Al-Mudhafer, 2013).
Additionally, the steam efficiency is affected by the reservoir heterogeneity because high spatial
permeability variation leads to high level of steam spread and distortion causing a delay in oil
displacing towards the production wells. The Steamflooding has other limitation such as the porosity
should not be less than 20%, the Oil-zone thickness should not be less than 30ft, and permeability
should be more than 100 md (Yartsos, 1984; A-Mudhafer, 2013). Meanwhile, the net-gross pay ratio
should not be less than 50% and the reservoir has no fracture. Moreover, the reservoir should have
good continuity between injection and production wells and the oil viscosity is extremely high (AlMudhafer and Alta'ee, 2014).
Since there are many factors affecting the performance of steam flooding to improve oil recovery, it
was considered determining the most sensitive influential factors on its efficiency in order to
determine the optimal future scenario that leads to maximize the oil production along with cost
reduction. Consequently, a low discrepancy efficient experimental design based on space-filling
sampling concept was implemented in this study to demonstrate and analyse this complex problem
and find out which factor(s) have a significant influence on the flow response. This study was
applied on the main pay/upper sandstone member within South Rumaila oil field in the southern part
of Iraq to handle the discontinuous bitumen layers that are mainly found at the oil-water contact
close to the eastern aquifer boundary (Al-Sa'di and Hussein).
Description of South Rumaila Oil Field
This study was done on the main pay/upper sandstone member within Zubair formation in the giant
South Rumaila Oil Field. Rumaila oil field is located in South of Iraq, about (50 km) west of Basrah
and about (30 km) to the west of Zubair field as shown in Fig. 1. The field is associated with large
gentle anticline fold. The dimensions of South Rumaila Oil Field are about (38Km) long and (12Km)
wide (Al-Ansari, 1993).
The Zubair formation is generally, composed of sandstone and shale. The ratio of sand in the
formation decreases significantly toward the east while this ratio increases toward the west and it may
reach 100% to the west of South Rumaila Oil Field. The sand ratio also decreases toward the north
while it increases to the south (Al-Mudhafer, et al., 2010). Zubair formation has been divided into five
members based on sand to shale ratio and these have been named from top to bottom: Upper shale
member, Upper sandstone member (main pay), Middle shale member, Lower sand member, and
Lower sand member. The main pay is the Upper sandstone member. The main pay comprises three
dominated sandstone units, separated by two shale units. The shale units act as good barriers impeding
vertical migration of the reservoir fluids except in certain areas where they disappear (Al-Mudhafer
and Al-Khazraji, 2014). The South Rumaila Field is divided into four production sectors. From the
north to the south, the sectors are Qurainat, Shamiya, Rumaila, and Janubia. The sector under study is
the Rumaila sector and small parts from the Shamiya and Janubia sectors. The choice of this sector
was made especially because it is the largest sector in which the production and injection operations
are carried out (Al-Mudhafer and Al Jawad, 2010). The primary production started in this field in
IOR 2015 – 18th European Symposium on Improved Oil Recovery
Dresden, Germany, 14-16 April 2015

1954 and the injection started mid-1970s. There is infinite acting aquifer is located at the boundary of
the reservoir. The injection wells are located just at the east flank in order to maintain the huge aquifer
support from the west flank which reaches to 24 times the influx from the east flank (Al-Mudhafer
and Al Jawad, 2010; Kabir, et al., 2007). The low aquifer strength at the east flank is due to the low
values flow properties and the discontinuous bitumen layers that found at the oil-water contacts (AlSa'di and Hussein).

Figure 1 Geographical Location of South Rumaila Oil Field, Southern of Iraq.
Thermodynamic Reservoir Flow Simulation
A commercial thermodynamic reservoir model (STARS) was adopted for reservoir evaluation through
the Steamflooding processes. The constructed grid in the current study includes the reservoir and parts
of aquifer along the eastern and western flanks. The three-dimensional model is performed over 15 x
11 x 5 grids in I, J, and K directions, respectively. The reservoir in vertical direction is divided into
five vertical layers (Al-Mudhafer, et al., 2010). The grid construction and well locations were shown
in Fig. 2. The 15 x 11 x 5 grid models contained 825 cells, of those, (584) cells or (70.8%) are active.
The areal grid blocks dimensions are uniform and equal to (1000m x 866m). The orthogonal corner
geometry was considered for grid construction. The reservoir has very heterogeneous rocks since the
heterogeneity index is 60 %. The vertical permeability within each layer is assumed to be one tenth of
horizontal permeability at each grid blocks (Al-Mudhafer, et al., 2010).
The reservoir properties such as porosity, permeability, and layers' thickness have been obtained from
previous studies on this field. The physical and thermodynamic properties of the reservoir’s fluids
have been obtained based on previous analyses of large number of oil samples taken from large
number of wells through more than fifty years (Al-Mudhafer, et al., 2010).
The reservoir oil is undersaturated since the initial and current reservoir pressure is greater than the
unique bubble point pressure that exists throughout the reservoir. The bubble point pressure is 2660
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psia while initial reservoir pressure of 5186 psi measured at 3154.7m datum. The original oil-water
contact OWC is 3269m.
Although the reservoir is highly heterogeneous, only two main rock types have been adopted for
capillary pressure and relative permeability curves since approximately all the permeability values
within spatial distribution are located within the ranges of the two rock types.

Figure 2 Grid and Layer Structure for the Thermodynamic Reservoir Modeling of the Sector of South
Rumaila Oil Field.
The simulation time for the current study is more than 60 years. During that period, 40 production
wells were opened to flow in the simulated domain. The production of some layers has been ceased
because of the higher water cut values. For more than two decades, depletion and water drive have
been the only production mechanisms. After that, pressure maintenance has been carried out by 20
water injection wells at the east flank just to maintenance the pressure with the west flank (AlMudhafer, et al., 2010; Kabir, 2007). The northern and southern boundaries are assumed to be a noflow. This assumption may be considered realistic since the direction of flow at each of the five layers
is towards the reservoir crest and parallel to the northern and southern edges. Furthermore, the
northern and southern streamlines in isobaric contour maps are perpendicular to these boundaries. The
flow boundaries are at the east and west are under the infinite acting aquifer (Al-Ansari, 1993).
For achieving acceptable history matching, many runs have been carried out in order to get a
minimum error between calculated and observed values of flow responses. The history matching
encompasses average reservoir pressure, saturation based on water cut and initial time of
breakthrough, as well as depth of oil-water contact.
Design of Experiments
To predict the optimal future reservoir performance through the Steamflooding processes, the
design of experiments ( D O E ) was conducted with Thermodynamical reservoir modeling to identify
the most influential factors that affect flow response, the field cumulative oil. Also, DOE model helps
to obtain the most likely scenario that attains the maximum oil recovery production by the end of 12
prediction years. Meanwhile, the DoE approach has the possibility to evaluate the interaction terms
between the selected factors to find out some joint influential role on the process (Box, et al., 2005).
Usually, full factorial design requires many simulation runs in order to extensively identify the
significant reservoir parameters that impact the flow response especially when there is more than five
factors to test (Montgomery, 1997). Furthermore, it is hard to adopt the conventional design of
experiments approaches to handle more than three levels for each factor as it leads to very large
number of experiments (Lazic, 2006; Montgomery, et al., 1997). Consequently and in order to test
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different experimental design approaches, full factorial design (FFD), orthogonal away design (OAD),
and Hammersley Sequence Sampling (HSS) technique were considered in this study for comparative
evaluation of Steamflooding process (Jin, et al., 2005; Kalla and White, 2007).
Four factors were sampled in Hammersley Sequence Sampling approach: steam injection pressure (P),
steam injection rate (Q), steam quality (K), and the steam temperature (T). However, the number of
wells factor (W) was considered in OAD and FFD models rather than the injection pressure. In the
orthogonal arrays design (OAD), three levels were considered for the four factors; therefore, the total
number of observations was nine runs. Then, the same four parameters with distinct levels were
represented in full factorial design with 36 experiments (3x2x2x3). The levels for orthogonal arrays
design (OAD) are K (0.3, 0.5, 0.7), Q (1500, 2500, 5000), W (5, 10, 20), and T (200, 300,500).
Nevertheless, for full factorial design (FFD), the levels are K (0.5, 0.7), Q (2500, 5000, 10000), W (3,
5, 10), and T (200, 300). For Hammersley Sequence Sampling, decimal design of multiple decimal
levels was generated with 27 simulations. In addition, the number of steam injectors was assigned to
be only one well that has flow connections with 15 producers and it has been decided based on the
results of streamlines simulation results (Al-Mudhafer and Alta'ee, 2014).
The Analysis of Variance (ANOVA) was considered as a validation tool to test and eliminate the
non-influential factors and interactions. ANOVA is then used to investigate the accuracy of the
different regression models and also to measure the effect of each factor on the response by
computing the variance by dividing the sum of squared error by degrees of freedom (n-1). By
ANOVA, the regression model is statistically considered significant if a probability (p-value) is less
than a significance level that justifies the acceptance/ rejection of the null hypothesis. The reduced
model has more reliable R2, R2 adjusted, and p-value for the entire model as it has achieved these
tests with very high accuracy estimation.
Orhtogonal Arrays Design
It is also called Taguchi's orthogonal arrays according to the Japanese industrialist, Genichi Taguchi
(Box, et al., 2005). An orthogonal array is an experimental kind where the columns for factors are
orthogonal to one other. Orthogonal arrays are highly fractional factorial design as they require only
few experiments which are the same number of observations that are assigned for One Factor at a
Time design (Box, et al., 2005); however, the orthogonal arrays perform an equal levels for each
factor. They require assuming that the interaction terms are negligible (Montgomery, 1997). This
experiment that was studied here has four factors at three levels, so the number of experiments was
nine [4(3-1) +1] tests. While, the ideal full factorial experiment requires 81 experiments.
Full Factorial Design
In full factorial design, the experiments are performed at every combination of factor levels.
Therefore, it is considered the most guaranteed approach; however, it is not recommended when the
number of factors (k) is more than five as it will be costly because the umber of experiments grow
exponentially to the number of factors (level=2 and 2k without count the replication runs). If there are
ten factors with two levels, a full factorial design has 210 runs, which is equal to 1024 experiments.
However, full factorial design can handle all orders of interaction terms and effects of these terms are
also called aliased or confounding (Box, et al., 2005; Montgomery, 1997). The full factorial design
includes one factor at a time design, orthogonal arrays design, and fractional factorial approach
(Lazic, 2006; Montgomery, et al., 1997). The aliased terms were considered in this study, and the
total number of experiments is 36 runs with distinct levels (two factors-two levels & two factors-three
levels).
Hammersley Sequence Sampling Approach
Hammersley Sequence Sampling design (HSS) is a low-discrepancy approach for uniformly decimal
n number of space filling points in a k-dimensional cube (Kalla and White, 2007). HSS requires far
fewer samples for achieving the convergence than other sampling methods because it preserves the
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uniformity in all dimensions. Discrepancy is a quantitative measure of the deterministic upper and
lower error bounds for the deviation of the sequence from the uniform distribution (Kalagnanam and
Diwekar, 1997). Consequently, 27 experiments (runs) were generated with decimal multiple levels to
capture the uniform distribution of these experiments on the rectangle-filling design and ensure
obtaining approximate comprehensive outcome about the Steamflooding process.
Results & Discussion
The thermodynamic Reservoir Model (STARS) was adopted to evaluate and predict the future
reservoir performance considering Steam flooding. In order to show the feasibility of steamflooding
to significantly improve oil recovery, the Black Oil Reservoir Model (IMEX) was also used to study
the reservoir performance at the base case without Steamflooding to provide comparison of reservoir
performance given the two processes.
Both models were run for 12 years future period of production. Cumulative oil production at the last
simulation period time step is 3.99439 MMMSTB. After running the black oil model at the base case,
cumulative oil production reached to 5.0526 MMMSTB. However; there is huge incremental in
cumulative oil production through the Steamflooding process and it reaches to 5.9 MMMSTB.
The optimal experiment has 80.018% recovery factor by the end of 12-prediction period while the
base case of non-steam injection has 68.231 % recovery factor only to the same future date. The
recovery factor without steam injection can be obtained with Steamflooding after only 11 months
from the steam injection starts. Figure 3 shows the reservoir flow responses due to the steam injection
and the base case of no injection.

Figure 3 Field Cumulative Oil Production & Oil Rate with Steamflooding & the Base Case.
The locations of steam injectors at the east flank only because the reservoir characteristics at east
flank differ from at the crest and west flank and the permeability is much lower in addition to some
bitumen amounts in that area that are considered as barriers for the aquifer water to flow into the
reservoir. Consequently, steamflooding has shown its feasibility to increase the water approaching
leading also to provide reservoir pressure support from the east side.
In the other hand, the experimental design has been considered to investigate the most influential
factors impacting the Steamflooding performance. Furthermore, it is used to find out the optimal
scenario that leads to higher oil recovery. Five operational design factors have been studied through
three different approaches of design of experiments. Both the OAD and FFD results showed that the
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recovery factor is getting higher at the highest levels of all factors except the counts of injectors. It
showed that the optimal scenario considering the lowest number of injectors with along with the
highest levels of steam quality, injection rate, and temperature. The recovery factor has the highest
value was when the steam quality is 0.7, the steam injection rate is 10000 bpd, the number of injectors
is 5, and this team temperature is 300F.
Then, two different linear regression models were constructed for orthogonal arrays design and full
factorial design. Even though, the two designs have led to the same results concerning with the
optimal scenario, the OAD model of nine experiments has investigated that the steam injection rate
and counts of injectors only have a significant impact on the recovery factors; nevertheless, all the
four factors (K, Q, W, T) and some interaction terms (KQ, KW, KT, QT, WT, KQT) have strong
impact on the response in FFD model of 36 experiments.
The validity of the two models was done through Analysis of Variance (ANOVA). The reduced linear
models in the two designs were obtained by backward stepwise elimination method. Furthermore,
four graphs for both models were plotted to investigate each model: Normal Q-Q, Residual vs. Fitted,
Scale-Location, and Residual vs. Leverage.
From these diagnostic plots between data and model, it can be seen that the two distributions are
approximately having more closely space along the theoretical straight line. The normal Q-Q plot has
shown approximately normal distribution for the response in both models. Tables 1-2 represent the
ANOVA table for the reduced linear models for the OAD and FFD approaches, respectively. Figures
4-7 represent the validation procedure for the OAD and FFD approaches, respectively.
Table 1 ANOVA for the Reduced Linear Model for OAD by Backward Stepwise Elimination.
Factors
DF
Sum Sq
Mean Sq
F value
Pr(>F)
Q
1
0.13005
0.13005
42.647
0.000616
W
1
0.57193
0.57193
187.552
9.42E-06
Residual
6
0.0183
0.00305
Table 2 ANOVA for the Reduced Linear Model for FFD by Backward Stepwise Elimination.
Factors
DF
Sum Sq
Mean Sq
F value
Pr(>F)
K
1
223227
223227
1.08E+05
<2.20E-16
Q
1
544
544
2.63E+02
4.02E-15
W
1
490
490
2.37E+02
1.37E-14
T
1
1852
1852
8.97E+02
<2.20E-16
KQ
1
2108
2108
1.02E+03
<2.20E-16
KW
1
500
500
2.42E+02
1.07E-14
KT
1
470
470
2.28E+02
2.24E-14
QT
1
13
13
6.45E+00
0.01743
WT
1
13
13
6.15E+00
0.01994
KQT
1
107
107
5.20E+01
1.18E-07
Residual
26
54
2
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Figure 4 Basic Diagnostic Plots for the Reduced Linear OAD Model.

Figure 5 Component-Residual Plots for the Reduced Linear OAD Model.
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Figure 6 Basic Diagnostic Plots for the Reduced Linear FFD Model.

Figure 7 Component-Residual Plots for the Reduced Linear FFD Model.
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In order hand, the full linear model of the Hammersley Sequence Sampling was refined by also
backward stepwise elimination in order to perform obtaining p-value of zero effect for all the factors
to be less than 0.05. Some interactions were removed from the model because they have no
significant effect on the response.
The basic-diagnostic plots for the transformed reduced linear model were shown in Figures 8. From
these diagnostic plots, i t can be seen that the two distributions are approximately having more
closely space along the whole line. Also, there are no high residual (outliers) or leverage points; thus,
it reflects the normal distributed for the current model. The Component-Residual Plots were shown
in Figure 9 to clearly show how different factors and interactions affect the flow response.
Finally, the transformed reduced linear model has shown that steam quality and some other
interaction terms are the most sensitive factors affecting cumulative oil production for this field
through Steamflooding processes. The entire reduced statistical model and remaining interaction
terms were listed in Table 3.
Table 3 ANOVA for the Transformed Reduced Linear Model.
Factors
DF
Sum Sq
Mean
K
1
0 0068
0 006
KP
1
11.2368
11.236
KP
1
5.8301
5.830
KPQT
1
0.5892
0.589
KP
1
0
0
KQ
1
1.9768
1.976
KQ
1
0.0007
0.000
K
1
1.14
1.14
QT
1
1.8139
1.813
Residuals 17
3.1664
0.186
K
1
0.0068
0.006

F value
0 036
60.328
31.300
3.163
0
10.612
0.003
6.12
9.738

Pr(>F)
0 85064
5.44E3.22E0.0932
0.99837
0.004634
0.95351
0.024147
0.006223
0.036

Figure 8 Basic Diagnostic Plots for the Transformed Response Reduced Model of Hammersley
Sequence Sampling Approach.
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Figure 9 Component-Residual Plots for the Reduced Linear Model of Hammersley Sequence
Sampling Approach.
Conclusions
Prominent lessons learned from this extensive study of Steamflooding IOR study in the bitumen-light
oil reservoir: 1. The base case without Steamflooding has simple impact on the recovery process because
there is only the aquifer as source of pressure support and it is unable to be sufficiently
enhanced oil displacing and improve oil recovery.
2. In thermodynamic reservoir model with Steamflooding, there was huge incremental in
cumulative oil production because of the effectiveness of steam injection in changing fluid
and rock properties by heating the reservoir leading to high oil displacement.
3. The oil recovery for the entire field without Steamflooding at the base case by the end of 12
years prediction period was 68.231 % and this value is equal to the value with Steam flooding
only after 11 months when the Steamflooding starts.
4. Steamflooding has proved and shown its feasibility to enhance the aquifer water approaching
into the reservoir at the east flank resulting in improve oil recovery and final recovery factor
reached to 80.018%. Also, it contributes to handle the higher reservoir heterogeneity at the
east flank. Furthermore, its efficiency was so clear to extract some of the bitumen amounts
that are located at this area.
5. The oil production rate was very high for the first year of the prediction period at all the
different cases; however, the oil rate with steam flooding is much higher than the base case.
The reason for that was the impact of steam flooding at this period to reduce the oil viscosity
and enhance oil production.
6. The oil rate then fast dropped because of the highly drain that have been happened at early
time and also because of the maturity of this field since the water saturation at the two bottom
layers exceeded 95% under the effect of the infinite acting water drive from the aquifer.
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7. The prominent incremental of oil production by steam drive were attained by contribution of
many factors such as wettability and interfacial changing, vaporization, viscosity reduction,
and thermal expansion. These entire factors have led to efficient sweep and higher oil
displacement.
8. The majority of reservoir response to Steamflooding is due to the high values of the reservoir
permeability in spite of the high reservoir heterogeneity index that reaches to 60%.
9. All the above achievement regarding improving of oil recovery reflects the importance of
steam drive in light oil reservoir.
10. Experimental design has proved its robustness in determining the optimal future steam
scenario and indicates the most factors controlling the response.
11. The OAD model of nine experiments has investigated that only steam injection rate and
counts of injectors have significant impact on the recovery factors; however, all the four
factors (K,Q,W,T) and some interaction terms (KQ,KW,KT,QT,WT,KQT) have strong
impact on the response in FFD model of 36 experiments. This is because the high dispersion
among the observations that were set in full factorial design, which has led to better design for
the problem.
12. The OAD and FFD showed that the optimal scenario of getting the highest recovery factors
when the steam quality is 0.7, the steam injection rate is 10000 bpd, the number of injectors is
5, and this team temperature is 300F. This result reflects the feasibility of OAD to handle this
process with much less experiments. The Orthogonal Arrays Design can be considered as an
efficient way to determine the optimal scenario, as it requires small number of runs and
running time in comparison with Full Factorial Design.
13. Although the steam flooding has demonstrated a clear feasibility to increase cumulative oil
production, water cut values were increased and sometimes reached to 90%; therefore, ESP
tools should be adopted to lift the oil.
14. The design of experiments (Quasi Radom Sampling) has demonstrated an excellent tool for
identifying the most sensitive factors affecting the flow response of cumulative oil
production.
15. In Hammersley Sequence Sampling, the reduced model has shown that only the steam quality
and some other interaction terms have direct effect on cumulative oil production. However,
the other factors such as steam temperature, injection rate, and steam pressure have minor
effect within their inclusion in some of the interaction terms.
16. Hammersley Sampling Sequence design has the more realistic results because it captures
multiple levels for all the factors leading to efficient and uniform problem sampling with
augmenting computer experiments until get the optimal design.
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