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Abstract 

  In this work, the steam injection, polymer, and surfactant were used to recover heavy crude oil API 18(American Petroleum 

Institute) production at 150, 200,250, and 300 oC individually. The results showed that the best recovery was at 300 oC. Three sets 

of experiments were carried out to integrate steam injection with polymer, surfactant, and polymer/surfactant solutions at the same 

temperatures to investigate the effectiveness of the integration mechanism for improving oil recovery. The obtained results 

indicated that, the steam is a promising method for the EOR (Enhanced Oil Recovery) of heavy crude oil. It was found that the 

final recovery for water flooding ranges from 39.9% to 41.86%. When the core was proceeded by polymer/surfactant injection, 

additional oil production was recovered. The flooding experiments showed that the maximum oil recovery was obtained using 

steam integrated with polymer/surfactant solution (64.3 %). In comparison, steam exhibited oil recovery equal to 59.2 % with 

surfactant and 58.1% with polymer at the same temperature (300 oC). The maximum integration process was pronounced by 

steam with polymer/surfactant solution. This finding may be due to reducing the viscosity by steam which enhances the sweeping 

process by polymer, in the presence of surfactant, which reduces the interfacial tension and increases wettability alteration. As a 

result, the emulsion formed, and the heavy oil recovery increased. 

Keywords: Enhanced Oil Recovery, Steam Flooding, Polymer Flooding, Surfactant Flooding.   
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Introduction 

Crude oil that does not flow smoothly is considered 

heavy or super heavy oil. The name "heavy" is 

applied to this type of oil because it has a higher 

density than light oil. Heavy oil usually has an API 

of less than 20. (i.e., relative density higher than 

0.933) [1]. Heavy oil is more difficult to produce, 

transport, and refine than light oil. The essential 

physical qualities distinguishing heavy and light oils 

are high viscosity and relative density and the 

presence of molecular components heavier than 

crude oil [2,12-19]. Due to the temperature of the 

reservoir, the methods for predicting heavy oil are 

separated into two groups: cold and hot production 

methods. The reason for this is the main attribute of 

fluids, viscosity, which is highly reliant on heat [3]. 

One of the most common ways of extracting heavy 

oils is steam injection. Steam injection has been 

used numerous times in Alberta, Canada, as well as 

Venezuela and California, America; a series of 

injective wells and production wells are used in this 

strategy (steam flooding). The steam injection can 

improve oil recovery by two mechanisms: (1) 

heating the oil and lowering its viscosity, and (2) 

forcing the oil into productive wells after 

transferring its heat to the ground and condensing, 

acting as a flooding mechanism. This technology 

has the potential to produce more than 50% oil on-

site. As a result, continuous steam injection is a 

procedure that involves the utilization of numerous 

wells to prepare the way for a high rate of oil 

production. Steam is injected into wells under 

various conditions, such as location and 

construction, and oil is retrieved from productive 

wells. Significant recovery may be achieved if the 

reservoir was built in such a way that steam had a 

high motion capability. Simulating a process can 

help greatly with process optimization in this way 

[3-4].  

Steam flooding processes have different 

mechanisms; it was defined by China as follows: 

steam drive, in-situ solvent drive, viscosity 

reduction, thermal permeability and capillary 

pressure fluctuations, thermal expansion, gravity 

segregation solution-gas drive, and emulsion drive. 

Although steam flood has higher productivity, it has 

some disadvantages, such as (1) steam channeling 

through high permeability zones and (2) gravity 

override, which causes early breakthrough and 

lowers displacement efficiency. Injection of water-
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soluble or alkaline into the steam used in cyclic 

steam stimulation operations [5]. often improved oil 

production, according to previous laboratory and 

fieldwork. Tiab et al. examined the use of caustic 

(sodium soda) in a steam flood to reduce the 

residual oil saturation in the lower portion of the 

reservoir (which is usually overridden by steam). 

The results of this study revealed that the use of 

sodium soda with the steam improves flow 

efficiency and, as a result, increases oil recovery 

when compared to conventional steam flood [6,7]. 

Blair et al., tested the injection of some interfacially 

active chemicals into some wells In Kern County, 

CA, before and during the huff and puff steaming 

cycle. This chemical steam treatment has been 

shown to increase oil production significantly [8]. 

Al-Khafaji et al. carried out two experiments, one 

static, and the other dynamic [9-11].  

The dynamic experiment investigated heat transfer 

through porous media and surfactant steam flood 

mobility. When surfactant was used, the results 

showed that steam mobility was reduced. As a 

result, the goal of this research is to look into oil 

recovery using various chemical steam methods 

(such as surfactant steam, alkaline steam, and 

surfactant alkaline steam). Wu et al. used a 

sensitivity analysis to design and optimize a low-

cost-chemical flooding system that included 

chemical concentration and permeability field 

realization (vertical and horizontal permeability 

ratio). The results showed that by combining current 

EOR processes, the process of designing chemical 

floods could be improved [18]. This Chemical 

flooding is defined by two mechanisms: (1) altering 

oleic rate in comparison to aqueous rate through the 

rock (including lowering of interfacial tension, 

wettability alteration, viscosity alteration, and pore-

clogging) and (2) changing phase composition 

(including miscibility, swelling, and solubilization) 

[19-25]. For heavy oil reservoirs, steam injection is 

currently one of the most successful enhanced oil 

recovery procedures. However, the thermal energy 

efficiency of steam injection decreases as oil 

production progresses due to steam flooding [26]. 

At the same time, the production of steam requires a 

large amount of water, and the combustion of fossil 

fuels releases a large amount of greenhouse gases, 

causing environmental issues. When the solvent is 

injected into a reservoir, however, it dissolves in the 

crude oil and reduces its viscosity, improving oil 

recovery [27-29]. The Solvent-assisted steam 

flooding method was offered as a way to reduce the 

environmental impact of steam generation, save 

water, and improve oil recovery [30]. The solvent 

injection can widen the temperature range in the 

reservoir, allowing the solvent to break through the 

front of the steam displacement and enter the 

reservoir at a lower temperature. Furthermore, due 

to the action of mass transfer, solvents can be 

miscible with oil, reducing interfacial tension and 

lowering oil viscosity and residual oil saturation in 

the reservoir [29,30]. The main target of this work is 

focusing on using integration steam with surfactant 

or polymer to improve heavy oil recovery. The 

hydrolyzed polyacrylamide polymer (HPAM), 

should be used for its efficiency in sweeping and 

modifying mobility of injection fluid [21]. The 

study should be extended to investigate the steam, 

surfactant, and polymer individually to compare 

with the integrated systems. The chemical structure 

of used materials is shown in Fig.1. The rheology 

parameters may be used to discuss the integration 

process. 

 
Fig.1 Chemical Structure of a) HPAM and b) 

E(20)STO 

 

 Materials and Experiments 

Materials 

HPAM was obtained from Sigma-Aldrich Co. 

(Egypt vendor) ( Mw ~= 5000000 )and commercial 

E(20)STO (Polyoxyethylene sorbitan Trioleate, acid 

value= 2) from Guangdong Huana Chemistry Co. 

(China). 

 

Crude oil 

Heavy crude oil and brine ([total dissolved solids 

(TDS), mg/L, salinity ≈ 75000 ppm]) were 

conducted from the Egyptian East desert. The crude 

oil has a 18 API. The crude oil properties are listed 

in Table 1 

 

Core Samples  

The core samples were delivered from Vinci 

company manufacturer of SFS system at Egyptian 

Petroleum Research Institute (EOR unit). The cores 

are placed in the hassler core holder to measure 

permeability. The backpressure regulator was set to 

40 psi, the cores were saturated with formation 

water then crude oil was then injected at 1 cc/min 

flow rate until residual water saturation (Swi) was 

achieved. The properties of core samples are shown 

in Table 2. 
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Table 1: Physicochemical Properties of The Used 

Crude Oil 

 Value Property 

0.941 Density, gm/cc ( ASTM 

D792) 

18 API,O ( ASTM D287) 

12.78 Asphaltene Content, wt.% 

( ASTM D6560, ASTM 

D792) 

13.2 Resin Content wt% 

1.91 Wax Content wt% 

15 Pour Point oC (ASTM D97) 

Table 2: Properties of Core Plugs 

Value Property 

14 - 17 Length, cm 

5.02 Diameter, cm 

69 - 80 Pore Volume, cc 

19  -22  Porosity, % 

80-110 Permeability, md 

 

Surface and Interfacial Tension Measurement 

The surface tension measurements were investigated 

for formation water without and with adding 

surfactants at different concentrations at 50 °C using 

Attension Theta (Bioline Scientific; Finland). The 

surface-active and thermodynamic properties were 

calculated. The interfacial tension of the surfactant 

solutions at the oil−aqueous interface is an 

important parameter in evaluating the efficiency of 

surfactants toward EOR at reservoir conditions28. 

The IFT experiments were also measured on the 

same apparatus using Pendand drop method (ASTM 

ISO 19403-4). 

 

Wettability Alteration Measurement 
The wettability alteration measurements were 

carried out using the contact angle (CA) method 

(sessile drop). For the CAs of crude 

oil−brine/surfactant solution−rock, the acquired 

images were captured using Attension Theta 

(Sessile Method) (ASTM ISO 19403-5). All 

measurements for HPAM and E(20)STO were 

conducted at a constant temperature of 50 °C. 

Flooding Test Conditions 

Confining Pressure = 500 psi 

Back Pressure = 50 psi 

Injection Pressure 200 psi 

Reservoir Temperature = 50 oC 

Permeability = 80-120 mD 

The flooding experiments were carried out using 

steam flood system (SFS); the SFS is designed to 

perform tests on core plug samples. The pore 

pressure is measured at the inlet and outlet ports of 

the core sample by using relative pressure 

transducers. Pressure taps may be used to monitor 

the pressure along with the core. Likewise, the 

confining pressure is measured with a pressure 

transducer. The pressure control system, including 

the oven, pumps, valves, core holder, and 

transducers, are mounted on specific cabinets. An 

IBM-compatible computer is used to control the 

system's operation. The device comes with software 

that allows for automatic data collection and some 

simple calculations. The Hydrostatic type core 

holder belongs to the Vinci Technologies HY Series 

core holder. These core holders are routinely used 

for gas and liquid permeability testing and water 

flooding experiments. The core sample is held 

within a rubber sleeve by confining pressure (radial 

stress). The confining pressure simulates reservoir 

overburden pressure. Inlet and outlet end plugs 

allow fluids to be flooded through the core sample. 

The setup was packed with cores with different 

lengths (5 – 10 cm), but the same diameter (5.08 cm). 

The properties of the cores are shown in Table 2. The 

saturation with formation water was carried out for 

two days, and then oil saturation was done. 

Waterflooding with formation (TDS: 75000 ppm) 

was performed to determine the oil recovery at the 

end of the secondary recovery stage. All sets of 

experiments steam, polymer, and surfactant 

individually or integrated.   

the following flooding scenarios were applied: - 

1. Water flooding before each run  

2. Steam injection with different temperatures 

(150, 200,50,300 oC) 

3. Integration of Steam and E(20)STO flooding 

4. Integration of steam and HPAM flooding 

5. Integration of Steam, HPAM. And 

E(20)STO flooding 

All of these experiments were performed at the 

thermal lab of the EOR unit, Egyptian Petroleum 

Research Institute. 

Figures 8,9 show the SFS used for the flooding 

experiments. 

Results and Discussion 

In this work, different scenarios of improving heavy 

oil recovery were pronounced. The first was to test 

steam, surfactant, and HPAM flooding individually. 

The second scenario used integration between two 

methods, such as steam with surfactant or steam with 

polymer flooding. This study assesses the beneficial 

role of using integration methods in the enhanced oil 

recovery of heavy crude oil.  

Surface active and Thermodynamic Properties of 

The Used Materials  

The surface tension of both HPAM and the 

ethoxylated sorbitol trioleate (E(20)STO was 

measured at 50 , 75 oC ( reservoir and processing 

temperature). The results were plotted between σγ 

versus – ln C mol dm -3 in Fig.2 . the thermodynamic 

properties are illustrated in Table 4.  Fig. 2 shows 

that, the HPAM has a little depression of surface 

tension (67-65 mNm-1, at 50 oC and 70 oC 

respectively), this means that this polymer hasn’t 

https://en.wikipedia.org/wiki/Sigma
https://en.wikipedia.org/wiki/Sigma
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surface activity (surface inactive polymer). But from 

Fig.2, the surfactant exhibited great depression in the 

surface tension (good surface-active material). The γ, 

was 32 and 27 mNm-1 at 50 oC and 70 oC 

respectively). From Fig.2 the critical concentration 

for micelle formation (ccmf) was determined (2.52 

and 1.26 10-5 mol/m3, at 50 oC and 70 oC). at the 

ccmf the maximum reduction of surface tension was 

achieved. The surface-active parameters such; surface 

pressure effectiveness, πCMC, and adsorption 

efficiency PC20; the maximum excess of surface 

concentration, Γmax, and minimum occupied 

area/molecule in Å2/molecule was calculated from 

the following equations on the base of surface tension 

data [31] . 

πCMC = γo-γcmc                       (1) 

PC20 = -log C20                        (2) 

Γmax  = ]               (3) 

Amin =                        (4) 

The surfactant effectiveness depends on γ (surface 

tension of pure solution) and γcmc (surface tension of 

surfactant solution). The quantity of surface tension 

depression (38 mNm-1) is pointed to this surfactant 

has good surface activity properties. The term PC20 

refers to the surfactant concentration at which it can 

decrease the surface tension of water by 20 mNm-1. 

The adsorption efficiency PC20 and great 

effectiveness mean that the surfactant molecules can 

effectively saturate any interface, which shows 

surface attribute with required flexibility and tend to 

minimize the interfacial tension of the interface 

between oil and formation water [31]. regrading to 

the Γmax eq 3, the C is the molar concentration of 

surfactant solution, R is the gas universal constant 

(8.314 J/K mol-1), T is the temperature in K, and  is 

the surface tension mNm-1. The Gibbs adsorption 

coefficient (n) is the number of molecules adsorbed at 

the interface. The value of Γmax points to the 

accumulating and adsorption enrichment of the 

surfactant molecules in the mol/cm2 of the surface. 

Eq.4 detects the area occupied per molecule of 

surfactant on the surface (in Å2 / molecule). N, is the 

Avogadro number. The low value of Amin points to 

the improved oil displacing capacity per molecule of 

surfactant. The used surfactant molecule gave Amin 

174.27 Å2 at 50 oC and 161.48 Å2 at 70 oC. the Amin 

decreases by increasing temperature as the result of 

the thermal agitation on the surface. This property is 

very important for the integration methods and 

formulation to lower the IFT and improved oil 

solubility and attraction capacity, further increase of 

oil recovery [33,34]. The Gibbs free energy of 

micellization( ∆ Gmic) and adsorption (∆ Gads ) in 

KJ/mol are calculated from the following eqs. For the 

used nonionic surfactant [31]. 

 
Fig.2 : Surface Tension vs ln C for E(20)STO and 

HPAM  

 

 

Table 3 : Contact Angle and Interfacial Tension at 50 oC 

Sample Static Contact Angle Dynamic Contact Angle 
IFT  

mNm-1 

Crude oil 160.55 157.3 26 

HPAM 61.3 58.2 69 

E(20)STO 15.6 10.4 3x10-3 

Table 4 : Surface Active and Thermodynamics Properties E(20)STO and HPAM* in Formation Water  

*Surface tension at 50 0C and 70 0C situated between 67-65 (surface inactive material) 

 

 

      Parameters 

 

Temp.             

CMC 

(mol/L) 

*10 -5 

γCMC 

( mNm-1) 

PC20 

mol/cm-3 

*10-7 

Γmax 

(mol/cm2) 

*10 -10 

Amin 

( Å 2) 

πCMC 

mNm-1  

∆ Gmic 

(KJ/mol) 

∆ Gads 

(KJ/mol) 

50 0C 2.52 32 2.7 0.95 174.27 35 -28.43 -32.88 

           75 0C 1.26 27 2.05 1.02 161.48 38 -32.63 -36.37 

https://en.wikipedia.org/wiki/Gamma
https://en.wikipedia.org/wiki/Gamma
https://en.wikipedia.org/wiki/Gamma
https://en.wikipedia.org/wiki/Gamma
https://en.wikipedia.org/wiki/Gamma
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Fig.3 : Contact Angles of Crude Oil, HPAM and E(20)STO at 50 oC 

 

∆ Gmic = RTln CMC                                           (5) 

∆ Gads  = ∆ Gmic – [ 6.023 πcmc Amin]*10-3             

(6) 

The negative values of ∆ Gmic as shown in Table.4 

indicates to the micellization is a spontaneous 

process. Whenever the ∆ Gads were found to more 

negative as compared to the ∆ Gmic, this finding is 

resulting to the surfactant molecules favorable 

adsorption as compared to the micellization process. 

Increased temperature has a synergistic influence on 

the micellization and adsorption tendencies of 

surfactant molecules at the interface As the 

temperature increases, the ∆ Gmic increases 

indicating that the tendency of surfactant molecules 

enhances to form micelles due to the decrease of 

surfactant ccmf. As the result of the decrease in the 

ccmf with temperature in Table 4, At lower 

concentrations in the aqueous solution, molecules' 

ability to agglomerate is observable. The adsorption 

of surfactants increases as the curvature of the 

air/aqueous or aqueous/oil interface increases. The 

mean of micelles formation indicates that this 

surfactant should form an emulsion of the heavy oil 

with the formation water. This feature exhibits 

effective interfacial interactions with the surrounding 

media. The adsorption of surfactant and minimizing 

the IFT leads to solubilizing the heavy oil to form oil 

in water emulsion [32-34]. This means that the 

surfactant system has significant support for any 

integration technique in the field of enhanced oil 

recovery (EOR). The IFT is a very crucial factor for 

the study of surfactant efficiency in oil recovery. The 

low value of IFT leads great ability to form oil in 

water emulsion to effectively displace the trapped oil 

in the pore throat of the reservoir [35].      The IFT 

values of the used surfactant are shown in Table 3. 

The IFT at 50 oC was 3x10-3 mNm-1, and the IFT 

between formation water and the used crude oil was 

26 mNm-1 at 50 oC. The obtained minimizing tension 

by using this surfactant as the above data in Table 3, 

means that this surfactant should form an emulsion 

with the heavy oil; further, the oil repelled from the 

pores, and the EOR should be increased. The term 

contact angle is very important in the field of EOR. 

As the data shown in Table 3 and Fig.3, the contact 

angle of the crude oil droplet is significantly high 

160.55 static and 157.3 dynamic. This means that it is 

more hydrophobic, and the rock is completely oil-

wet. By adding the HPAM, the contact angle 

decreased to 61.3 static and 582 dynamic. This means 

that the polymer makes the rock more water-wet and 

displaces the oil from the surface. Meanwhile, by 

using the E(20)STO, the great depression of contact 

angle was remarked as 15.6 static and 10.4 dynamic. 

This finding proved that the adsorption property of 

surfactant molecules on the interface minimized the 

IFT to 3x10-3 mNm-1, which turned the rock into 

more and more water-wet, and the oil droplets were 

repelled to form an emulsion (o/w/o) at different 

forms; further, the removal of the heavy oil should be 

increased. 

Rheological Behavior of HPAM/E(20) STO  

The rheology investigation of four systems was 

carried out for the heavy crude oil, HPAM, 

E(20)STO, and HPAM / E(20)STO (50/50 %) at a 

concentration of 2%. The viscosity and shear stress 

versus shear rate are shown in Fig.4 for crude oil 

only, whereas, Fig.5 shows the viscosity against shear 

rate for HPAM (a) and its temperature profile in 

segment (b). segment (c and d) show Shear Rate vs. 

Viscosity of E(20)STO and viscosity-temperature 

profile of E(20)STO, (e and f) show the viscosity vs. 

shear rate and temperature profile of the mixture 

between HPAM and E(20) STO. The apparent; 

plastic and yield values of these systems are 

illustrated in Table 5. from the presented data in 

Fig.5, it was found that the crude oil exhibited shear 

thinning behavior. This non-Newtonian behavior of 

crude oil is very important to mobility control during 
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the sweeping process, especially at adding the 

polymer and surfactant or a mixture of both of them 

during the flooding process. In spite of the increase of 

apparent plastic viscosity and yield value, decreases 

of these parameters with increasing temperature were 

remarked, as seen in Table 5. To evaluate the effect 

of adding polymer and surfactant on the flow 

properties of the heavy crude oil systems during the 

flooding process was studied at different 

temperatures (40, 50, 70 oC) to find a relation 

between solution behavior and flooding behavior. 

The data of these parameters are listed in Table 5 and 

plotted in Fig.5. As shown in Fig.5.b and a for the 

temperature profile of HPAM and HPAM with E(20) 

STO, respectively, when temperature increases, the 

viscosity of the system decreases. This behavior 

might result due to different reasons, such as 

weakening hydrogen bond between water and 

polymer or surfactant molecules, increasing the 

chance of polymer of surfactant chains reducing the 

contact duration of the adjacent chains, and 

decreasing the average intermolecular hydrogen 

bonds and Vander Vals forces [36]. The viscosity 

reduction with temperature increase may be due to 

the crimpling and flexing of the additive molecules as 

the result of its dehydration and destruction of the 

polymer or surfactant configuration in the system 

[37]. The reduction of viscosity also depends on the 

activation energy of the Arrhenius equation, which is 

directly affected by temperature , the activation 

energy was coming from Eq.7 [38].  

ηt = AEa/RT                             (7) 

Where η is the apparent viscosity(cp). A is the 

constant, Ea is the activation energy (KJ/mole), R is 

the universal gas constant (8.14 KJ/mole), T is the 

temperature K. The value of Ea, is listed in Table 5 

and Fig.6. From these results, it can be seen that the 

Ea decrease with temperature increase. By inspection 

of the data of apparent plastic viscosity and ƮB in 

Table 5. It was found that the HPAM (as polymer 

surface inactive material) exhibited (20.24,17.5 cp 

and 1.72 pa respectively at 50 oC (the most common 

temperature for Egyptian reservoir); meanwhile, they 

were 256.12, 209.87 cp, and 1.97 pa for crude oil at 

the same condition. Otherwise, the same parameters 

for the E(20)STO were; 9.24, 6.87 cp, and 1.4 pa. 

The high values of HPAM indicate the high 

mechanical stability of the polymer solution. These 

values were enhanced at the mixture system as shown 

in Table 5; 32.24, 26.44 cp, and 5.32 pa. This finding 

gives a good chance for this positive integration 

synergism between the HPAM and the surfactant, 

which should increase the sweeping efficiency of the 

polymer at the EOR of the heavy crude oil. In spite of 

the high viscosity and rheology parameters of the 

heavy crude oil, the positive integration synergism of 

the polymer with surfactant depended on the high 

mechanical stability of the polymer solution and 

surfactant depresses of the IFT. So, when this mixture 

integration system combines with steam at 300 oC, 

the maximum enhancement of heavy crude oil should 

be achieved. 

Table 5 : Rheological Properties at Different Temperatures 

Sample Name Temp. oC 

Apparent Viscosity 

η ,cP 

 

Plastic Viscosity µ 

cP 

 

Yield Value  

(ƮB) Pa 

Ea 

KJ/mole 

Crude oil 

40 442.48 389.45 3.75 

4.79 50 256.12 209.87 1.97 

70 114.32 98.7 0.67 

HPAM 

40 22.11 21.9 2.11 

3.21 50 20.24 17.5 1.72 

70 16.74 12.49 1.53 

E(20)STO 

40 15.0 14.5 1.99 

1.02 50 9.24 6.87 1.48 

70 5.21 3.46 0.96 

HPAM+ 

E(20)STO 

40 42.12 31.2 2.38 

3.88 50 32.24 26.94 1.97 

70 21.47 19.31 1.88 

 

Steam flooding Process only 

After installing the core samples in the SFS 

apparatus, the oil was injected till no water came out 

to be sure that the reservoir condition was achieved. 

Then, the water flooding was performed, and the 

displaced fluid was detected to calculate the recovery 

factor. Then, the steam at different temperatures was 

only injected after the water flooding process. Fig. 7 

and Table 6 show the cumulative oil recovery during 

1.4 PV FW flooding; about 39.9% of the OOIP was 

recovered. Upon switching to steam flooding, the 

incremental oil recovery was 11.8%,13.1%,16.7% 

and 19.7 % of the OOIP against temperatures; 150 
oC, 200 oC , 250 oC and 300 oC, respectively. The 

total oil recovery during this experiment was 46%,49 

%, 51%, and 53% of the OOIP to the different 

temperatures, respectively. 
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Table 6 : Summary of Flooding Experiments and Added Values for Each One of Them 

 Experiments Added Value from Residue % 

Temp. 
oC 

Water 

flooding 

only % 

Water 

flooding 

+ Steam 

% 

Water 

flooding 

+E(20)STO  

% 

Water 

flooding 

+ 

HPAM 

% 

Water 

flooding   + 

steam    

+E(20)STO  

% 

Water 

flooding 

+Steam 

+HPAM % 

Water flooding 

+HPAM 

+ steam 

+E(20)STO  % 

 Steam 

%  

E(20)STO 

% 

 HAPM 

%   

 Steam  

+    

E(20)STO  

%   

 Steam 

+ 

HPAM  

% 

 Steam 

+ 

HPAM 

+ 

 E(20)STO 

%   

150 39.9 46.49 

48.7 51.85 

53 52.7 

64.3 

11.8 

16.69 18.85 

21.7 19.2 

39.1 
200 41.88 49.5 56.2 53.7 13.1 26.1 24.5 

250 41.38 51.21 58.3 57.4 16.7 29.4 27.7 

300 41.86 53.32 59.2 58.1 19.7 31.9 30.1 

 

 

 
Fig 4 : Rheological Properties of Crude Oil a) Shear Rate vs Viscosity at Different Temperature  b) Shear Rate vs 

Shear Stress at Different Temperatures 

         

 

b) 
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 Fig.5 : Rheological Properties of HPAM a) Shear Rate vs Visocisty, b) Visocisty Temperature Profile of HPAM                    

c) E(20)STO Shear Rate vs Viscosity, d) Viscosity Temperature Profile of E(20)STO, e) Shear Rate vs Viscosity 

of HPAM+E(20)STO, f) Visocisty Temperature Profile of HPAM+ E(20)STO 

 

Integration of Steam and E(20)STO Flooding 

The same core preparation and core flooding 

procedure and conditions were applied to the other 

cores. The oil recovery during the water flooding for 

all is about 39.3 % of the OOIP. Different steam 

temperatures were then injected and integrated with 

E(20)STO flooding. With respect to the surfactant 

steam flood (SSF), the co-injection of surfactant (as a 

surface-active chemical) with steam into the core 

provides a significant increase in oil production than 

that of the steam flood only. 

Fig. 7 shows the combined oil recovery by water and 

surfactant steam floods versus pore volume injected. 

The enhancement of sweep efficiency is reflected in 

the improvement of displacement efficiency of 

surfactant steam floods. The reason may be that the 

surfactant steam mixture generates emulsion and 

foam in the reservoir and improves the oil recovery 

efficiency of steam flooding by diverting steam to 

high oil saturation zones [30]. The results showed 

that the integration mechanism between Steam and 

E(20)STO is better than using steam only; this 

integration was done at different steam temperatures 

as before and caused an incremental recovery of 21.7 

%, 26.1%, 29.4%, and 31.9 %, respectively, with 

total oil recovery 53%, 56.2 %, 58.3%, and 59.2% 

respectively. 

 
Fig.6 : Ln η vs 1/T Curve for  Crude Oil, HPAM, 

E(20)STO and HPAM+E(20)STO 
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Fig.7 :  Cumulative Oil Recovery % of Different Scenarios a) Steam Flooding Only at Different Temperatures, b) 

Integration Flooding of Different Steam Temperatures and E(20)STO, c) Integration Flooding of Different Steam 

Temperatures and HPAM, d) Integration Flooding of 300 oC Steam and E(20)STO HPAM Mixture  

 
Fig.8 :  Steam Flood System 700 (SFS700) 

 
Fig.9 : Steam Flood System- Main Oven 
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Fig. 10 : Schematic Diagram of SFS 

  

Integration of steam and HPAM Flooding 

The results of the HPAM /Steam flooding experiment 

are presented in Fig. 7. The oil recovery of the 

HPAM steam flood shows an improvement compared 

with the steam flooding. This improvement is 

attributed again to the viscosity reduction and surface 

and interfacial values. In addition, the addition of 

HPAM to the steam increases its gravity and reduces 

its mobility, which helps to reduce the tendency of 

steam to override, causing early breakthrough. 

HPAM steam process has better displacement 

efficiency than that of the steam drive. By 

comparison of surfactant steam and HPAM steam 

processes shows higher oil recovery by the surfactant 

steam process; this is because the surfactant solution 

shows lower surface tension values with crude oil 

than that shown by HPAM only. The incremental 

recovery after using HPAM steam integration at 

different steam temperature is 19.2%, 24.5%, 27.7% 

and 30.1 % receptively. 

  

Integration of Steam, HPAM, and E(20)STO 

Flooding 

The proposed surfactant HPAM steam flood technique 

is a scientific trial to combine the effectiveness and 

mechanism of surfactant, HPAM, and steam 

processes, as shown in Fig.7. This technique 

incorporates small and low concentrated surfactant (2 

% wt. of E(20)STO) and HPAM (2g/l) solutions 

integrated with injected steam. Surfactant was used to 

decrease interfacial tension, thus the capillary forces at 

the condensed water displacement front. HPAM 

improves displacement efficiency, and steam reduces 

the oil viscosity and the surfactant reduces the 

interfacial tension to form oil in water emulsion to 

enhance sweeping and recovery. The result is a 

significant reduction in the capillary number and a 

potential increment in oil recovery of almost 19.4 % 

IOIP than the conventional steam flooding. This 

possible increase in oil recovery was mainly attributed 

to the following two reasons: (1) combined effective 

mechanisms of oil recovery (reduction of oil viscosity, 

reduction of interfacial tension, and emulsification) 

and (2) better displacement efficiency of this process 

[14]. 

 

Conclusion 

Based on the experimental results of this study, it can 

be concluded that the HPAM steam or surfactant 

steam is an effective technique that can produce more 

additional oil recovery than the conventional steam 

flooding. Furthermore, the surfactant/HPAM steam 

flood proved that it has higher and recoverable oil 

production than other techniques. The advantage of 

the surfactant HPAM steam technique over other 

chemical steam floods (HPAM or steam or surfactant 

/steam) is mainly due to some drawbacks of these 

methods. The results showed that water flooding 

ranges from 39.9% to 41.86%. When the core is 

proceeded by polymer/surfactant, additional oil has 

been recovered. The flooding experiments showed 

that the maximum oil recovery was obtained by using 

steam integrated with polymer/surfactant solution 

(64.3 %). In comparison, steam exhibited that oil 

recovery equals 59.2 % with surfactant and 58.1% 

with polymer at the same temperature (300 oC). The 

new integration techniques are expected to be 

applicable in the reservoirs after water flooding, 

steam-flooded reservoirs, and many other reservoirs 

that are not amenable to other EOR processes. 

 



ARTIFICIAL NEURAL NETWORKS FOR THE SIMULTANEOUS SPECTROPHOTOMETRIC ..... 

__________________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 66, No. 6 (2023) 

 

147 

Acknowledgments 

Authors acknowledge the Egyptian Academy of 

scientific research and Technology (ASRT) for 

sharing project 56/2015(Construction of semi pilot 

plant for enhanced oil recovery (EOR) by 

unconventional methods (2015-2018) with the 

Egyptian Petroleum Research Institute (EPRI). The 

authors should also thank all members of EPRI-

EOR/IOR project. 

Conflicts of interest 

There are no conflicts of interest to declare. 

References 

1. Almalik, M. S.; Attia, A. M.; Jang, L. K. 

Effects of alkaline flooding on the recovery of 

Safaniya crude oil of Saudi Arabia. J. Pet. Sci. 

Eng. 1997, 17, 367−372 

2. Chen, Q., Gerritsen, M. G., and Kovscek, A. R. 

(Nov. 2007). Effects of reservoir 

heterogeneities on the steam-assisted gravity 

drainage process. SPE 109873 

3. Sasaki, K., Akibayashi, S., Yazawa, N., and 

Farouq Ali, S. M. (Mar. 2001). Experimental 

Modeling of the SAGD Process – 

4. Enhancing SAGD Performance with Periodic 

Stimulation of the horizontal Producer”’, SPE 

69742. 

5. Ching, W. H., "A Critical Review of Steam 

flood Mechanisms," SPE 6550, presented at the 

47 Annual California Regional Meeting of the 

Society of Petroleum Engineers of AIME held 

in Bakersfield, California, April 13-15 (1977) 

6. Hammershaimb, E. C., Kuuskraa, V. A., and 

Stosur, G. "Recovery Efficiency of Enhanced 

Oil Recovery Methods: A Review of 

Significant Field Tests," SPE 12114 presented 

at the 58 Annual Technical Conference and 

Exhibition held in San Francisco, CA, Oct. 5-8 

(1983). 

7. Tiab, D, Okoye, C. U., and Osman, M. 

M.:"Caustic Steam Flooding," Journal of 

Petroleum Technology (August, 1982 

8. Blair Jr., C., M, Richard, S. and Charles 

A., "Chemical Enhancement of Oil Production 

by Cyclic Steam Injection," SPE 10700, 

presented at the 50th Annual California 

Regional Meeting of the Society of Petroleum 

Engineers of AIME held in Log Angeles, 

California, April 9-11,(1980) 

9. H. Y. Moustafa , A.M. Al-Sabagh, M. M. 

El-Sokkary, and M. M. Ibrahim "Synthesis of 

Some Nonionic Polymeric Surfactants Used for 

Enhanced Oil Recovery" Bulletin Faculty of 

Science, Zagazig University, 18 (2), (1996) 39-

56.  

10. . Al-Khafaji, A. H., Fred, W. P., Castanier, L. 

M.,and Brigham, W. E., "Steam Surfactant at 

Reservoir Conditions," SPE 10777, presented at 

the California Regional Meeting of Soc. Of Pet. 

Eng held in San Francisco, CA, Marech 24-26 

(1982). 

11. Haynes, H. J.; Thrasher, L. W.; Katz, M. L.; 

Eck, T. R. Enhanced Oil Recovery: An 

Analysis of the Potential for Enhanced Oil 

Recovery from Known Fields in the United 

States; National Petroleum Council: 

Washington, DC, 1976.  

12. (10) Islam, M. R. New scaling criteria for 

chemical flooding experiments. J. Can. Pet. 

Technol. 1990, 29, 30−36.  

13. Islam, M. R. Emerging technologies in 

enhanced oil recovery. Energy Sources 1999, 

21, 97−111. 

14. Islam, M. R.; Farouq Ali, S. M. Numerical 

simulation of alkaline cosurfactant/polymer 

flooding. Proceedings of the UNI-TAR/ UNDP 

Fourth International Conference, Heavy Crude 

and Tar Sand, Edmonton, Alberta, Canada, 

1989. August 7−22, 1988. 

15.  Khan, M. I.; Islam, M. R. Handbook of 

Sustainable Oil and Gas Operations 

Management; Gulf Publishing Company 

Houston: Texas. 2008.  

16.  Da Cruz, A.; Sanches, R.; Miranda, C.; 

Brochsztain, S. Evaluation of Cyclodextrins as 

Environmentally Friendly Wettability Modifiers 

for Enhanced Oil Recovery. Colloids Interfaces 

2018, 2, 10. 

17. AE Hoshoudy, S Desouky, A Al-sabagh, 

M El-kady, M Betiha, S Mahmoud, Synthesis 

and characterization of polyacrylamide 

crosslinked copolymer for enhanced oil 

recovery and rock wettability 

alteration,International Journal of Oil, Gas and 

Coal Engineering 3 (4), 43-55,(2015) 

18.  Liu, Q.; Dong, M.; Ma, S.; Tu, Y. Surfactant 

enhanced alkaline flooding for Western 

Canadian heavy oil recovery. Colloids Surf., A 

2007, 293, 63−71. 

19.  Liu, Q.; Dong, M.; Yue, X.; Hou, J. Synergy of 

alkali and surfactant in emulsification of heavy 

oil in brine. Colloids Surf., A 2006, 273, 

219−228 

20. 6. Wu, W. Vaskas, A., Delshad, M., Pope, G. 

A., and Sepehmoori, K., "Design and 

Optimization of Low-Cost Chemical Flooding," 

SPE/DOE 35355, presented at the SPE/DOE 

Tenth Symposium on Improved Oil Recovery 

held in Tulsa, OK, April 21-24 (1996) p. 109-

125.  

21. Larson, R. G., Davis, H. T., and Scriven, L. E., 

"Elementary Mechanisms of Oil Recovery by 

Chemical Methods," Journal of Petroleum 

Technology (Feb. 1982) p. 243-56. 

22. A.M. Al-Sabagh "Surface Activity and 

Thermodynamic Properties of Water-Soluble 

Polyester Surfactants Based on 1, 3 

javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)


 M. Aish  et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 66, No. 6 (2023) 

 

 

148 

Dicarboxymethoxy- benzene Used for 

Enhanced Oil Recovery" Polym. Adv. Techol., 

11, (2000) 48-56.  

23. Marotto, T.A., Pires, A.P., 2018. Mathematical 

model for one-dimensional oil displacement by 

steam injection with solvent addition. J. Pet. 

Sci. Eng. 169, 374–387 

24. Kovscek, A.R., 2012. Emerging challenges and 

potential futures for thermally enhanced oil 

recovery. J. Pet. Sci. Eng. 98–99, 130–143. 

25. Hascakir, B., 2016. How to select the right 

solvent for solvent-aided steam injection 

processes. J. Pet. Sci. Eng. 146, 746–751. 

26. Goite, J.G., Mamora, D.D., Ferguson, M.A., 

2001. Experimental study of morichal heavy oil 

recovery using combined steam and propane 

injection. In: Paper SPE 69566-MS 

27. Keshavarz, M., Okuno, R., Babadagli, T., 2015. 

A semi-analytical solution to optimize single-

component solvent coinjection with steam 

during SAGD. Fuel 144, 400–414. 

28. Al-Sabagh, A. M. Surface Activity and 

Thermodynamic Properties of Water-Soluble 

Poly Ester Surfactants Based on 1, 3 

Dicarboxymethoxy- Benzene Used for 

Enhanced Oil Recovery. Polym. Adv. Technol. 

2000, 11, 48–56. 

29. A. M. Al-Sabagh, Zakaa M. Mohamed, and M. 

R. Noor El-Din " The Interfacial Tension and 

The Alkane Carbon Number, nmin of the Alkyl 

Benzene Sulfonate in relation to enhanced oil 

recovery: Part I- Effect of Surfactant Molecular 

Weight/temperature and electrolyte on nmin",J. 

of Dispersion Science and Technology 

30(2009) 3/15.  

30. Bera, A.; Ojha, K.; Mandal, A.; Kumar, T. 

Interfacial Tension and Phase Behavior of 

Surfactant-Brine–Oil System. Colloids Surf, A. 

2011, 383, 114–119 

31. Rosen M. J.  Surfactants and Interfacial 

Phenomena fourth ed. New York John Wiley & 

sons, 2004 

32. Rodriguez. Escontreal I , Rodriguez Palmerio I 

,Rodriguez O. Arec A, Sote A. Fluid Phase 

Equilib, 2016,417;87-95. 

33. Pal N, Saxema N, Mandal A, Collide Polym sci 

2017; 295 ; 2261-77. 

34. Nabipour M, Ayatallahi S, Keshavarz P. J Mol 

Liq 2017 ; 230 , 570-88 

35. Nilanjan Pal,Sudhir K, Hginta B and Ajay 

M.Fuel 235(2019), 995-1009 

36. S.Z.Mahdavi, J.Aalaie , T. Miri, S.M.R. Razavi 

and M.R Rahmani, Arabian Journal of 

Chemistry (2017) 10,1136-1146. 

37. X.Xin, L. Wang, J.Shen, G.Xu and Y.Li, J.Pet 

Sci. Eng 114(2014) 15-21. 

G.Zhou. J.L., Willett and C.J. ( arrive Rheol.Acta 

39(6) 2000 , 601-606 


