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Thermal recovery processes for heavy oil exploitation involve three-phase flow at elevated temperatures. The

mathematical modeling of such processes necessitates the account of changes in the rock–fluid system’s flow behavior

as the temperature rises. To this end, numerous studies on effects of the temperature on relative permeabilities have been

reported in the literature. Compared to studies on the temperature effects on oil/water-relative permeabilities, studies (and

hence, data) on gas/oil-relative permeabilities are limited. However, the role of temperature on both gas/oil and oil/water-

relative permeabilities has been a topic of much discussion, contradiction and debate. The jury is still out, without a

consensus, with several contradictory hypotheses, even for the limited number of studies on gas/oil-relative

permeabilities. This study presents a critical analysis of studies on gas/oil-relative permeabilities as reported in the

literature, and puts forward an undeniable argument that the temperature does indeed impact gas/oil-relative

permeabilities and the other fluid–fluid properties contributing to flow in the reservoir, particularly in a thermal recovery

process. It further concludes that such thermal effects on relative permeabilities must be accounted for, properly and

adequately, in reservoir simulation studies using numerical models. The paper presents a review of most cited studies

since the 1940s and identifies the possible primary causes that contribute to contradictory results among them, such as

differences in experimental methodologies, experimental difficulties in flow data acquisition, impact of flow instabilities

during flooding, and the differences in the specific impact of temperature on different rock–fluid systems. We first

examined the experimental techniques used in measurements of oil/gas-relative permeabilities and identified the

challenges involved in obtaining reliable results. Then, the effect of temperature on other rock–fluid properties that may

affect the relative permeability was examined. Finally, we assessed the effect of temperature on parameters that

characterized the two-phase oil/gas-relative permeability data, including the irreducible water saturation, residual oil

saturation and critical gas saturation. Through this critical review of the existing literature on the effect of temperature on

gas/oil-relative permeabilities, we conclude that it is an important area that suffers profoundly from a lack of a

comprehensive understanding of the degree and extent of how the temperature affects relative permeabilities in thermal

recovery processes, and therefore, it is an area that needs further focused research to address various contradictory

hypotheses and to describe the flow in the reservoir more reliably.
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1. Definition

Thermal recovery processes for heavy oil exploitation involve three-phase flow at elevated temperatures. The

mathematical modeling of such processes necessitates the account of changes in the rock–fluid system’s flow behavior

as the temperature rises. To this end, numerous studies on effects of the temperature on relative permeabilities have been

reported in the literature. Compared to studies on the temperature effects on oil/water-relative permeabilities, studies (and

hence, data) on gas/oil-relative permeabilities are limited. However, the role of temperature on both gas/oil and oil/water-

relative permeabilities has been a topic of much discussion, contradiction and debate. The jury is still out, without a

consensus, with several contradictory hypotheses, even for the limited number of studies on gas/oil-relative

permeabilities. This study presents a critical analysis of studies on gas/oil-relative permeabilities as reported in the

literature, and puts forward an undeniable argument that the temperature does indeed impact gas/oil-relative

permeabilities and the other fluid–fluid properties contributing to flow in the reservoir, particularly in a thermal recovery

process. It further concludes that such thermal effects on relative permeabilities must be accounted for, properly and

adequately, in reservoir simulation studies using numerical models.



2. Introduction

The most commonly employed Enhanced Oil Recovery (EOR) techniques for heavy oil reservoir are thermal methods

such as Steam Assisted Gravity Drainage (SAGD), Cyclic Steam Stimulation (CSS), and steam flooding, with the common

key objective to improve the oil mobility through viscosity reduction using heat . Therefore, thermal methods are

characterized by their high temperature . The increase in temperature may significantly affect the properties of the

reservoir rock and fluids; for example, pore geometry can be changed with the rise in temperature, which, in turn, can

affect the fluid distribution and the flow performance . The fluid properties such as density and viscosity, as well as

the fluid/fluid and rock/fluid interaction characteristics, such as wettability and interfacial/surface tension would also

change with temperature. Hence, the relative permeabilities to different fluids present in porous media representing the

fluid flow behavior are likely to change with the temperature. We also need to consider the steam flow in the rock, as the

application of heat (through the injected steam) leads to a three-phase flow of oil, water and steam. The flow of steam

comprising both the injected and in situ generated steam due to the heat mimics the gaseous phase. Therefore, it is

envisaged that both steam/oil-relative permeabilities alongside water/oil-relative permeabilities control the flow during

steam injection processes. In addition, we also need to account for the other effects such as change in rock and fluid

properties with temperature  in the modeling of a thermal recovery process.

An issue arises in measuring the absolute permeability with gas at a low-pressure because of the slippage effect, which

makes the absolute permeability measured with gas larger than what it could be with a liquid, as described by Klinkenberg

. However, Klinkenberg suggested that the gas slippage at the surface of the pore throats can be neglected if the pore

size is large enough compared with the mean free path of gas molecules. With this assumption, the measured absolute

permeability to gas can be similar to the measured absolute permeability to liquids . This will make the slippage

effect is more pronounced in pore-throats smaller in size or low-permeable reservoirs such as shale and tight gas/oil

formations .

The knowledge of two-phase gas/oil-relative permeability is essential in predicting the fluid flow behavior and the ultimate

oil recovery in thermal recovery processes . The relative permeability characteristics are also formation-type

dependent; they change from one formation to another due to the variation in the characteristics of the reservoir such as

pore geometry, composition, lithology, pore size distribution, and fluid/rock or fluid/fluid interactions . As stated earlier,

when the temperature increases, the fluid flow behavior may be altered by changes in one or more petrophysical

characteristics.

Compared to the oil/water system, only a few studies for the effect of temperature on rock–fluid characteristics in gas/oil

systems have been reported . Most have argued that temperature’s impact on gas/oil systems was quite

similar to that experienced in the water/oil systems. Table 1 summarizes some of the key results on the effect of

temperature on two-phase-relative permeabilities for gas/oil systems.

Table 1. Summary of the reported studies on the effect of temperature on gas/liquid-relative permeability.

Authors Year Measurement
Techniques

Porous
Media

Type of
System

Temperature
Range (°C)

Effect of Temperature on
Relative Permeability

Longeron 1980 Unsteady-state Core Oil/Gas 20–71 k  of both phases increased

Berry et al. 1992 Unsteady-state Core Oil/Gas Ambient to 93 k  increased and k  was
independent

Muqeem (Ph.D.
Thesis) 1994 Unsteady-state Core Oil/Gas 75–125 k  has been increased but

k  was not affected

Akhlaghinia et al. 2014 Unsteady-state Sand
pack

Oil/CH
gas 28–52

k  increased but k
decreased from 28 to 40 °C

and then increased
dramatically above 40 °C

Akhlaghinia et al. 2014 Unsteady-state Sand
pack

Oil/CO
gas 28–52

k  increased but k
decreased from 28 to 40 °C

and then increased
dramatically above 40 °C

Punase et al. 2014 N/R N/R Oil/Gas Not Reported
Both phases affected with

temperature when wettability
changed
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Authors Year Measurement
Techniques

Porous
Media

Type of
System

Temperature
Range (°C)

Effect of Temperature on
Relative Permeability

Modaresghazani
(Ph.D. Thesis) 2015 Steady- and

unsteady-state
Sand
pack Oil/Gas Not Reported Both k  and k  were

affected

 

3. Data, Model, Applications and Influences

3.1. Effect of Temperature on Gas/Oil-Relative Permeability Curves

3.1.1. Irreducible Water Saturation

A few studies  have suggested the dependency of irreducible water saturation on the pressure gradient

developed in the porous medium during the oil injection. When similar flow rates are used in oil injections at different

temperatures, the pressure gradient becomes lower at higher temperatures, especially in viscous oil systems, which

increases the irreducible water saturation. Craig  postulated that irreducible water saturation can also be related to the

wettability of the formation rock. Narahara et al.  conducted a study to understand the effect of irreducible water

saturation on gas/liquid-relative permeability. Berea sandstone cores were used with refined white oil (20 cP at room

temperature), which was displaced by air in the absence and presence of S The two different measurement techniques

(gas flooding and centrifuge technique) were utilized for relative permeability measurements. The results showed a good

match between the gas/liquid-relative permeability data with both techniques in the absence of irreducible water

saturation. Later, four gas floods were performed at four different initial water saturations in the gas/oil system. Figure 6

depicts the gas/liquid-relative permeability calculated from these gas flooding tests. In this figure, the initial water is used

as the reference fluid, and relative permeability is plotted as a function of the total liquid (oil plus water) saturation. The oil-

relative permeability data varied considerably at different initial water saturations, especially when the initial water

saturation exceeded 18.5%. As seen in Figure 6, the gas-relative permeability curves, at all values of the irreducible water

saturation, are essentially identical which implies that gas-relative permeability is only a function of gas saturation. This

can be rationalized as follows. The gas phase occupies the largest available pores in a water-wet system containing gas,

oil, and water. The effective permeability to gas is governed by the ability of gas to flow through relatively few of the

largest pores, while the oil flow occurs in both large pores and especially small pores where the presence of water phase

acts as a barrier for the oil flow. This is not the case for the oil phase, as it shares the remaining pore space with water. At

zero initial water saturation, all of the remaining pore space is open for the oil flow, which results in the highest relative

permeability for oil at any given liquid saturation. As the initial water saturation increases, the fraction of available pore

space to oil decreases. Consequently, the oil-relative permeability diminishes.

Figure 6. Effect of irreducible water saturation on two-phase gas/oil-relative permeability .

Corey  simplified the analytical expression given by Kozeny–Carman for relating the gas/liquid-relative permeability to

fluid saturation. Later, McNiel and Moss  extended the work carried out by Corey  and concluded that relative

permeability was a function of temperature. The reason given was that the residual oil saturation may decrease with an

increase in temperature. Naar and Henderson’s  imbibition model suggests the possibility that the irreducible water
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saturation might be a function of temperature as well. Davidson  investigated the effect of temperature on relative

permeability for both oil/water and gas/water systems. He reported that an increase in irreducible water saturation

occurred with an increase in temperature for oil/water systems. However, there was no temperature impact on irreducible

water saturation in gas/water systems. A similar observation has been reported by Lo et al. . Table 5 lists the studies on

the effect of irreducible water saturation on two-phase gas/oil-relative permeabilities.

Table 5. Effect of irreducible water saturation on two-phase gas/oil-relative permeabilities.

Authors Year Irreducible Water Saturation
(Swir) Range (%) Effect of Swir on Relative Permeability

Narahara et al. 1993 0–26.5 Oil-relative permeability changed and no effect on gas-
relative permeability has been observed

Corey 1954 N/R Liquid-relative permeability has been affected

Moss and McNiel 1959 0–13 Relative permeability curves to both the phases gas and oil
has been changed

Naar and
Henderson’s 1961 6–18 N/R

Davidson 1969 4–4.12 N/R

Lo et al. 1973 5–523 N/R

Berry et al. 1983 0.20–0.25 Relative permeability curve for both the phase gas and oil
has been changed.

Berry et al.  performed few experiments for gas/liquid-relative permeability and found that as the temperature elevated,

the irreducible water saturation increased, as can be seen in Figure 7. They used different techniques to establish

irreducible water saturation in their experiments, i.e., centrifuge drainage at 93 °C and oil flooding at ambient condition,

but did not explain the reason for the increase in irreducible water saturation with the temperature rise. However, a

plausible reason for such increase in S  was a reduction in the oil viscosity at high temperature. At 25 °C, the viscosity of

oil was high and thus the oil was able to sweep the water to larger extent. However, the viscosity of oil decreased

significantly at higher temperature which affected the sweep efficiency of oil and higher magnitude of irreducible water

saturation was observed.

Figure 7. Effect of temperature on irreducible water saturation, reported by Lo et al.  and Berry et al. .

Esmaeili et al.  stated that irreducible water saturation depends on three parameters: wettability, pore geometry, and

capillary number, all of which may change with temperature. Wettability may change due to the presence of chemical

species like clay or asphaltene. Moreover, in clay-rich formations, it was observed that in-situ stresses might increase due

to temperature, which may result in swelling and this might change the pore geometry of the formation . However,
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the variation in such parameters (wettability and pore geometry) with temperature are not theoretically expected due to

the absence of reactive minerals and adsorbed polar chemicals. Thus, the only remaining parameters that could be the

reason for the change in irreducible water saturation with temperature is the variation in the capillary number.

3.1.2. Residual Oil Saturation

Among many studies on the effect of temperature on the two-phase flow that were published during the past sixty years, a

large majority reported that the residual oil saturation decreased as temperature increased , at least for the oil/water

system. Nonetheless, several studies reported no change in residual oil saturation with temperature . The following

discussions provide some insight into the current understanding of the effect of temperature on S  in the gas/liquid

system.

Longeron  reported that with an increase in temperature, the surface tension (ST) decreases, which causes a reduction

of residual oil saturation in gas/oil systems. Later, Asar and Handy  verified these results and agreed with Longeron ,

that the amount of oil remained in the system after gas flooding depended on the surface tension. Cai et al.  also found

that an increase in temperature lowered the surface tension and residual oil saturation. Yang et al.  conducted an

experiment with CO  gas and crude oil system and reported that residual oil saturation decreased with an increase in

temperature from 27 to 58 °C at a constant pressure of 8.879 MPa. In addition, they reported that the decrease in residual

oil saturation was achieved by the reduction of surface tension due to the increase in temperature . Chalbaud et al. 

have supported this hypothesis by extending the same test to 100 °C and observed similar results as Yang et al. .

Bachu and Bennion  have asserted that two-phase gas/liquid-relative permeability was a function of saturation, as well

as of surface tension and wettability. However, they did not present any data on change of residual oil saturation with

temperature . Honarvar et al.  agreed with the idea that both surface tension and residual oil saturation decreased

with increasing temperature. Berry et al.  recognized the role of viscosity ratio in decreasing the residual oil saturation

with increasing temperature in gas/oil systems. They observed a significant decrease in residual oil saturation at a higher

temperature, as depicted in Figure 8.

Figure 8. Effect of temperature on residual oil saturation in the gas/oil system.

Davidson  evaluated the effect of temperature on nitrogen/mineral oil-relative permeability ratio in the absence of

irreducible water saturation and observed that the residual oil saturation decreased at higher temperatures (see Figure 8);

however, the reduction is fairly lower than that of Berry’s study . Davidson concluded the temperature-dependency of

relative permeability in gas/oil systems was due to the slippage effect. It should be highlighted that the dependency of

relative permeability on temperature was not because of the solubility of the gas in white oil, as it decreased with an

increase in temperature . Akhlaghinia et al.  performed several experiments to assess the effect of temperature on

residual saturation during the measurement of gas/oil-relative permeability. They used CH /CO  to push heavy oil out of

the system and reported that residual oil saturation decreased with an increase in temperature (28–52 °C), as shown in

Figure 8.

Due to the small number of reported studies on the effect of temperature on gas/oil-relative permeability, it is difficult to

make a firm statement the factor that is dominant causing a reduction of residual oil saturation with increasing

temperature in gas/oil systems. However, the comprehensive literature review carried out by Esmaeili et al.  for
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oil/water systems reveals that the decrease in residual oil saturation is related to the reduction in oil viscosity, changes in

wettability and surface tension and other possible factors. It is likely that the same reasons can be considered also for the

gas/oil systems, but their relative importance could be different.

3.1.3. Critical Gas Saturation

The critical gas saturation can be measured in two ways, either by solution gas drive tests or by external gas drive tests.

The critical gas saturation is often determined from the gas-relative permeability curve extracted from an external gas

drive test. The literature strongly suggests that the critical gas saturation for solution gas drive may be different from the

value measured by external gas drive tests . In fact, the entire relative permeability curve is likely to be different for

solution gas drive. Foamy oil flow, however, is not expected to play a significant role in the external gas drive process but

may be an important consideration in the solution gas drive. Recently, Wan et al.  have measured brine/nitrogen-

relative permeability at varying temperatures. They first injected at least 5 PV of brine through core samples and then

injected nitrogen gas as a displacing phase. The observed critical gas saturation was in the range of 0.06–0.22. However,

it is not clear how the critical gas saturation was determined in their study. Data reported in the literature on critical

residual oil saturation that show a variation with temperature are very limited.
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