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ABSTRACT 

The use of foams can be found abundantly in many applications in a wide range of industries, 

including oil and gas industry. Although understanding foam flow behavior is crucial for the optimization 

of such applications, the complex flow behavior of foams has been a major challenge. Recent 

experimental studies with surfactant foams presented a new way to characterize foam flow characteristics 

by using two flow regimes: the low-quality regime showing either plug-flow or segregated-flow pattern, 

and the high-quality regime showing slug-flow pattern.  

This study consists of three main components: (1) experimental investigation of foam rheology in 

pipes; (2) building up of a new foam model consistent with lab-measured experimental data; and (3) use 

of the model in petroleum drilling hydraulics modeling and simulation. 

The major outcome of this study can be summarized as follows. 

First (Part 1), by conducting foam flow experiments in pipes, this study shows the concept of two 

foam-flow regimes is still valid and effective not only with surfactant foams but also with foams in the 

presence of additives such as polymers and oils. This finding is important because many field applications 

of foam flow involve some levels of additives. 

Second (Part 2), this study for the first time presents how to build a foam model which is 

consistent with two foam-flow regimes evidenced by experimental data. The model requires four model 

parameters – two parameters to capture rheological properties (e.g. consistency index and flow behavior 

index, if power-law rheology is applied) and two parameters to define the dependence of foam rheology 

to gas and liquid flow rates in both foam flow regimes.  

Third and last (Part 3), the significance of this model is verified by implementing it into existing 

foam drilling hydraulics calculations in a 10,000 ft vertical well in which foams are injected down into the 

drill pipe, through the drill bit and circulated up to the surface along the annulus. The results show that 

this new foam model equipped with two flow regimes is advantageous over the conventional foam model 

especially when foams become dry and unstable in the well, improving the accuracy.   
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CHAPTER 1: SUMMARY 

1.1 Summary of Three Major Tasks 

The background, results, and objectives of the three major components can be summarized as 

follows. 

1.1.1 Two Foam-Flow Regimes in Presence of Oil and Polymer (Part 1) 

Earlier studies with surfactant foams “without” oils and polymers show that foam flow in pipe 

can be represented by two different flow regimes: the low-quality regime showing either plug-flow or 

segregated-flow pattern, and the high-quality regime showing slug-flow pattern. These behaviors have not 

been tested in the presence of oils and polymers, which are common additives in numerous petroleum 

engineering applications. Therefore, the objective of Part 1 is to experimentally investigate foam flow 

characteristics in horizontal pipes at different injection conditions – surfactant foams with or without oils, 

and surfactant foams with or without polymers. The results of this study were presented in two different 

ways: (i) steady-state pressure drops (or, apparent foam viscosity, equivalently) measured by multiple 

pressure taps and (ii) visualization of bubble size, size distribution and flow patterns in transparent pipes.  

The results with surfactant foams and oil showed that (i) oil reduced the stability of foams in pipes, hence, 

decreasing the steady-state pressure drops and foam viscosities, and (ii) the presence of oil tended to 

lower the transition between the high-quality and the low-quality regimes (i.e., lower foam quality at the 

boundary, or lower fg* equivalently). In addition, the results with surfactant foams with polymer showed 

that (i) polymer thickened the liquid phase and, if enough agitation was supplied, could make foams long-

lived and increase foam viscosities, and (ii) the system sometimes did not reach the steady state readily, 

showing systematic oscillations. In both cases, though, the experiments carried out in this study showed 

the presence of two distinct high-quality and low-quality flow regimes. 
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1.1.2 Modeling Foam Flow in Pipes Using Two Foam-Flow Regimes Concept (Part 2) 

 As a follow-up study of Part 1, Part 2 presents how to develop a comprehensive foam model that 

can handle a variety of bubble-size distributions and both stable and unstable flow patterns by using two-

flow-regime concept. Building an improved foam model based on such a new concept can potentially 

help better design and optimize many foam-associated processes including tight-gas and shale-gas foam 

fracturing, foam underbalanced drilling, and cutting transports.  

Analyzing experimental data of surfactant foams and polymer-added foams shows that (i) in the 

low-quality regime, foam rheology is governed by bubble slippage at the wall with no significant change 

in its fine foam texture and (ii) in the high-quality regime, foam rheology is governed by the relative size 

of free-gas segment to fine-textured foam-slug segment. By using these governing mechanisms, this 

improved foam model successfully reproduces foam flow characteristics as observed in the experiments, 

including almost horizontal pressure contours in the low-quality regime and inclined pressure contours in 

the high-quality regimes. Although the model is built with a power-law fluid model, the same procedure 

can be taken for Bingham-plastic or yield-power-law fluids. 

1.1.3 Use of New Foam Modeling Technique in Drilling Hydraulics (Part 3) 

Foam underbalanced drilling has unique advantages such as reduced formation damage, improved 

rate of penetration, higher cutting-transport capacity, and lower circulation losses. The objective of Part 3 

is to construct foam drilling hydraulics model consistent with two foam-flow regimes concept, and 

investigate how it improves current foam drilling hydraulics modeling. 

The results demonstrated the significance of this new approach, capturing both stable/steady flow 

at low foam quality and unstable/unsteady flow at high foam quality. The results from three different 

cases indicated significant differences in drilling hydraulics calculations when a conventional foam model 

is replaced by a two foam-flow regimes map. An example drilling scenario simulated for a 10,000 ft deep 
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vertical well was shown to have as much as 19 %, 25 %, and 16 % difference in calculated foam density, 

total velocity, and pressure gradient, respectively, at the bottom hole. 

1.2 Chapter Contents 

The contents of each individual chapter can be summarized as follows: 

Chapter 1 describes the summary of this study and introduces the contents of each chapter. 

Chapter 2 reviews previous studies related to this research area, including fundamentals of foam 

flow in pipes and its applications such as foam drilling, foam fracturing, etc. 

Chapter 3 investigates foam flow characteristics by conducting laboratory foam flow experiments 

in horizontal pipes (Part 1). The results are analyzed by the theory of two foam-flow regimes in pipes. 

The effects of oils and polymers on foam rheology are examined and discussed. 

Chapter 4 focuses on how to establish a foam model to match experimental data exhibiting two 

foam-flow regimes (Part 2). The detailed procedure is described in a step-by-step manner and the 

implication of the model is discussed in terms of foam flow characteristics (i.e., bubble size and bubble 

size distribution).  

Chapter 5 demonstrates how such a new foam modeling technique presented in Chapter 4 can be 

incorporated into existing foam UBD (underbalanced drilling) hydraulics calculations (Part 3). By 

comparing with the results of conventional foam drilling hydraulics calculations in a published paper, the 

strength of this new foam model is demonstrated. 

Finally, Chapter 6 includes conclusions from this study and recommendations for the future 

directions.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Definition and General Use 

Foam is defined as an agglomeration of discontinuous gas bubbles dispersed within a continuous 

external liquid phase. The gas phase is, typically, made up of air, nitrogen, carbon dioxide, hydrocarbon 

gas, and so on, while the liquid phase consists of water and surface active agents, commonly called 

surfactants. The presence of surfactants reduces interfacial tension between water and gas, and endows a 

better stability to liquid films for pre-existing foams (Bikerman, 1973; Kraynik, 1988). Other additives 

such as polymers and gels are commonly added to the aqueous phase for improved foam properties.  

Foam has been used for many different purposes in a huge range of applications including 

chemical and mechanical engineering, food industry, fire-fighting, pharmaceutical industry, and so on 

(Kim and Dlugogorski, 1997; Gardiner et al., 1999; Schramm, 2005). When it comes to petroleum 

industry, foam application can be easily found in drilling, workover, cementing, fracturing, and improved 

and enhanced oil recovery processes (Aubert et al., 1986; Kam et al., 2007; Kam, 2008; Aadnoy et al., 

2009). When foam is applied to drilling processes, their low-density and high-viscosity characteristics 

provide a great advantage. These characteristics, more specifically, include high lifting capacity, hole 

cleaning, minimizing lost circulation, and low formation damage (Hall and Roberts, 1984; Falk and 

McDonald, 1995; Capo et al., 2006). Foam is also regarded as an attractive option in the applications 

where the use of small amount of water is highly desirable due to environmental impacts, for example, as 

shown in shale-gas hydraulic fracturing treatments (Abbott and Vaughn, 1976; Penny et al, 1993; Aadnoy 

et al., 2009; Edrisi and Kam, 2012). 

2.2 Foam Underbalanced or Near-balanced Drilling 

 Underbalanced drilling (UBD) is defined as a drilling practice when bottomhole circulating 

pressure inside the well is kept below the formation pore pressure intentionally (Lyons et al, 2009), 
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allowing formation fluid to flow into the wellbore and essentially keeping the well in the kick condition. 

Since the first use of compressible fluids in drilling operations was patented in 1866 (Shale, 1994), UBD 

has evolved to a common practice worldwide especially for low pressure reservoirs, fractured formations, 

and water-sensitive environments (Shadravan et al., 2009; Lage et al., 1996; Muqeem et al., 2008; 

Paknejad et al., 2007; Yao et al., 2011). In spite of concerns associated with wellbore stability, high risk 

operations, and safety issues (Bennion et al., 1996), UBD processes have the following major advantages: 

i) improving the rate of penetration (ROP) and hence making drilling faster and more economical; ii) 

reducing or removing the concerns about damaging formations near the productive target layers; iii) 

minimizing the lost circulation; iv) eliminating the risk of differential sticking; and v) extending bit life. 

Among many different types of drilling fluids for UBD such as air, gases, gasified fluids, mist 

and etc., foam has been particularly of interest because of its low-density and high-viscosity properties 

(Guo et al., 2003). Foam offers additional benefits, including yield stress and high carrying capacity, 

which help control fluid influx into the drilling hole and keep the bottomhole clean (Hall and Roberts, 

1984; Falk and McDonald, 1995; Capo et al., 2006).  

Foam drilling operation experiences reduced formation damage, improved rate of penetration, 

and lower circulation losses compared to conventional over-balanced drilling technique. Maintaining 

foam stability in foam drilling applications can be a challenge, especially when the formation oil is 

allowed to flow into the drilling hole due to underbalanced condition. By using the magnitudes of 

entering coefficient and spreading coefficient, typical reservoir oils are shown to deteriorate foam 

stability, even though some variations are observed depending on the composition of the oils (Nikolov et 

al., 1985; Novosad et al., 1989; Manlowe and Rake, 1990; Mannhardt et al., 2000; Rojas et al., 2001). 

The use of polymer together with surfactant foams is a common and popular technique if improved foam 

stability is required.  Polymer not only increases foam viscosity due to enhanced film stability to 

mechanical disturbance, but it also allows foam films meta-stable due to very viscous foam films 

prohibiting a rapid transport of liquid phase (Reidenbach et.al., 1986; Harris and Heath, 1996; Sani and 
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Shah, 2001; Khade and Shah, 2004; Hutchins and Miller, 2005). Different kinds of polymers are available 

in the market, such as Hydroxyethyl cellulose (HEC), Xanthan Gum, Guar, and Hydroxypropyl guar 

(HPG), and the major selection criteria are cost, hydration, and biodegradability in addition to improved 

foam stability.  

It should be pointed out that in underbalanced drilling operations, fine-textured and continuous 

foams are preferred (and sometimes even crucial), no matter what the inclination angle is, in order to 

control bottomhole pressure accurately and clean the hole efficiently. Failure to obtain such 

characteristics required for foam drilling may jeopardize the entire drilling process.  

 

Figure 2.1: U.S. rig count by type from 2000 to 2012 showing the trend of increasing horizontal drilling 

activities (Aleklett (2013) with original data from Baker-Hughes (2012)). 

 

Recent increase in drilling activities in the U.S., evidenced by rig count as shown in Fig. 2.1  - not 

only horizontal drilling has become popular reaching nearly 61 % in late 2012, but vertical and directional 
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drilling also has become more challenging due to ever increasing well depth and water depth – requires 

that more and more wells be drilled using underbalanced drilling (UBD) or near-balanced drilling 

technique (Bietz et al, 1993; Shah et al, 2010) rather than conventional overbalanced drilling techniques 

(OBD). Foam drilling seems to be a promising means to fit the technological challenges associated with 

deepwater and deep well environments. 

2.3 Foam Fracturing 

Natural gas production in the U.S. has been increasing rapidly during the past decade. The U.S. 

Energy Information Administration (EIA) reported 22.6 trillion cubic feet (Tcf) of annual total natural gas 

production in 2010 which is the highest since 1973 (U.S. EIA, 2011). Unconventional gas resources like 

tight gas and shale gas have an important role in this dramatic gas production growth. It is reported in 

2011 that more than 40 percent of total natural gas production in the U.S. is coming from tight gas and 

shale gas resources (Newell, 2011). Just shale gas production alone has increased about 12 times in the 

last decade in the U.S. gas production, and the U.S. shale gas proved reserves have also tripled from 23 at 

2007 to 60 trillion cubic feet at 2009 (U.S. EIA, 2011). The U.S. EIA’s 2011 Annual Energy Outlook, as 

shown in Fig. 2.2, predicts that shale gas production would occupy 46 percent of the U.S. dry gas 

production by 2035, which is a significant increase from 14 percent in 2009. Most of  the shale gas 

production in the U.S. currently originates from five major shale gas fields such as Barnett (TX), 

Haynesville (LA and TX), Fayetteville (AR), Woodford (OK) and Marcellus (PA and other eastern 

states).  

The developments of shale gas reservoirs are different from conventional gas fields in many 

aspects. First, the average absolute permeability of the shale gas formations is very low typically less than 

0.001 Darcy (Curtis, 2002). This makes shale gas formations suffering from extremely low productivity, 

often below the commercially feasible production rate. Second, due to such a low productivity, the 

development of shale gas formations requires horizontal drilling and multi-stage hydraulic fracturing 

techniques in order to boost up the conductivity of the media (Hill and Nelson, 2000; Sumi, 2008; 
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Cardott, 2008). Third and last, because shale gas formations, usually containing high organic contents, are 

composed of fine grained clay rocks, any drilling and production activities with high water contents 

should be carried out carefully (Curtis, 2002; Zelenev et al, 2010). The use of massive amount of surface 

water associated with the conventional hydraulic fracturing has also caused environmental concerns.    

 

Figure 2.2: U.S. dry gas production history and projection (EIA Annual Energy Outlook 2011). 

 

Hydraulic fracturing (often called “fracking” in the media) is a technique to induce fractures into 

geological formations by injecting a pressurized fluid (often, water-based) in order to improve the 

conductivity or the transport capability. Newly created facture faces and channels are connected to small 

pores in a low permeability rock, and provide highly conductive paths for hydrocarbon to reach the well 

resulting in enhanced production rate and ultimate recovery. Among many design parameters, the 

selection of proper fracturing fluids plays a key role in the success of fracturing process. The fracturing 

fluids should be able to open up new fractures during initial pressurization stage, effectively flow deep 

into the reservoir propagating the fractures without difficulties, transport and carry solid proppants to 

every corner of the facture faces, and flow back and be recovered easily not to cause damage to the 
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formation prior to major production. To achieve these various goals, fracturing fluids are expected to have 

proper characteristics including viscosity, surface tension, leak-off, and water chemistry (Gupta, 2009; 

Martin and Rylance, 2010).  

For water-sensitive formations and water-deficient environments, foam has long been considered 

as one of the fracturing fluids (Neill et al, 1964; Blauer and Kohlhaas, 1974; Komar et al., 1979; Gupta, 

2009). Consisting of a high fraction of dispersed and discontinuous gas phase within a low fraction of 

continuous liquid phase with surfactants in it, foams are believed to be an appropriate means for 

fracturing shale gas reservoirs as shown by previous studies (Komar, 1978; Matthews et al., 2007; 

Rowan, 2009). The lower water content is obviously an attractive aspect because it requires less water 

consumption, less formation damage in water sensitive area, and less liquid to recover after fracturing job 

(Ballard, 1977; Harris and Heath, 1996; Gupta et al., 2005). Expansion of the gas phase after the 

treatment also helps recover the liquid phase introduced into the formation with foams (Gaydos and 

Harris, 1980; Chen et al., 2005). For shale gas development in environmentally sensitive regions, foam 

fracturing is advantageous over the conventional water-based hydraulic fracturing because less amount of 

water usage can be translated into fewer amounts of health-hazardous chemical additives in fracturing 

liquid. 

Foams also have a growing demand for unconventional gas reservoir developments. It is because 

unconventional gas resources like tight gas and shale gas, which are reported to be more than 40 percent 

of total natural gas production in the U.S. in 2011 (Newell, 2011), cannot be produced efficiently because 

of low permeability leading to low productivity (Curtis, 2002). Although such an extremely low 

productivity requires the use of horizontal drilling and multi-stage hydraulic fracturing techniques, the use 

of high water contents in hydraulic fracturing causes concerns about serious wellbore damage (Curtis, 

2002; Hill and Nelson, 2000; Zelenev et al., 2010). The use of massive amount of surface water 

associated with the conventional hydraulic fracturing has also caused environmental concerns.    

For water-sensitive formations and water-deficient environments, foam has long been considered 

as one of the fracturing fluids (Neill et al, 1964). The lower water content is obviously an attractive aspect 
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because it requires less water consumption, less formation damage in water sensitive layers, and less 

liquid to recover after fracturing job (Harris and Heath, 1996; Gupta et al., 2005). Expansion of the gas 

phase after the treatment also helps recover the liquid phase introduced into the formation with foams 

(Chen et al., 2005). 

2.4 Foam Rheology 

For processes associated with foams, understanding foam rheology is critical. An important 

parameter to quantify foam behavior is foam quality, which is, simply the volume fraction of gas in the 

whole foam mixture. Foams with high quality, therefore, are dry foams while foams with low quality are 

wet foams. Foams with a very low foam-quality value, let’s say lower than 65%, behaves similarly to the 

external liquid phase because internal bubbles are dispersed and not interacting each other significantly 

during the flow. On the other hand, foams with a very high foam-quality value, higher than 98% in 

general, tend to convert to a mist flow which has liquid as the internal phase and gas as the external phase. 

Therefore it is foam with 65 - 98% qualities that is of major importance in many applications. Other foam 

characteristics such as stability, drainage, yield stress, Newtonian/non-Newtonian behavior, wall slip, 

average bubble size, bubble-size distribution, and many more are related to foam quality directly and/or 

indirectly. Although there have been numerous studies accumulated in this area, the complex nature of 

foam flow behavior is yet to be understood clearly primarily due to countless factors that affect foam 

rheology – for example, temperature, pressure, foam quality, foam texture, foam density, liquid phase 

properties, pipe materials, interaction between foams and surroundings (liquid and pipe wall) and so forth 

(Bonilla and Shah, 2000; Ozbayoglu et al., 2000; Briceno and Joseph, 2003).  The addition of polymers 

into aqueous foams in foam drilling obviously adds more complexity.   

One of the key parameters to describe foam rheology for modeling and simulation purpose is its 

viscosity. Foam viscosity is typically much higher than the viscosity of external liquid phase - as much as 

several orders of magnitude difference - and is sensitive to the change in foam quality and injection 

velocity (Patton et al., 1983). As shown in Fig. 2.3 in which the flow experiments are conducted in a wide 
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range of foam quality at fixed total flow rate, foam viscosity increases gradually with foam quality at low 

foam quality (fg < fgth1); increases sharply at intermediate foam quality (fgth1<fg < fgth2); and decreases 

dramatically at high foam quality (fgth2<fg). Previous studies show that foams can be modeled by power-

law model (Raza and Marsden, 1967; David and Marsden, 1969; Sanghani and Ikoku, 1983; Martins et 

al., 2001), Bingham plastic model (Blauer et al., 1974; Calvert and Nezhati, 1987), or yield-power-law or 

Harshel-Bulkley model (Reidenbach et al., 1986; Saintpere et. al., 1999). It is worth mentioning that the 

interaction between bubbles under shear flow plays a central role in determining the yield stress and 

viscosity of foam mixture (Princen, 1983; Kraynik, 1988; Kam et al., 2002).  

 

Figure 2.3: A schematic plot of apparent foam viscosity as a function of foam quality (Gajbhiye and Kam, 

2011). 

 

2.5 Recent Developments 

Originated from foam flow in porous media (Gauglitz et al., 2002; Kam and Rossen, 2003), 

recent studies show that foam rheology in pipes exhibits two very distinct behaviors (Bogdanovic et al., 
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2009) as shown by the pressure contour plot in Fig. 2.4. The low-quality regime, characterized by almost 

horizontal pressure contours, is governed by either segregated flow (i.e., upper foam layer and lower 

liquid layer) or plug flow (i.e., foams with fine and homogeneous texture). On the other hand, the high-

quality regime, characterized by pressure contours with finite slopes, is governed by slug flow (i.e., 

repetitions of fine/homogeneous textured foams and free gas section). These two regimes are shown to be 

separated by a critical foam quality called fg*. These aspects are well summarized by the visualization 

study of Gajbhiye and Kam (2011) as shown in Fig. 2.5. The same behaviors are also found consistently 

at various inclination angles (Gajbhiye and Kam, 2012). When Gajbhiye (2011) compared the range of 

flow rates in these studies with flow regime maps such as Taitel and Dukler’s, Baker’s, and Beggs and 

Brill’s, most injection conditions fell within the stratified flow region. 

Recent experimental studies (Bogdanovic et al., 2009; Gajbhiye and Kam, 2011; Gajbhiye and 

Kam, 2012; Edrisi et al., 2012) show that foam rheology can be represented by two distinct flow regimes 

if pressure contours are plotted as a function of gas and liquid velocities as shown in Figs. 2.4 and 2.5. 

The low-quality regime (i.e., lower right-hand side portion) has pressure contours almost horizontal, 

meaning that the pressure drop is very sensitive to gas velocity (ug) but less sensitive to liquid velocity 

(uw). On the other hand, the high-quality regime (i.e., upper left-hand side portion) has pressure contours 

inclined with finite slopes, meaning that the pressure drop is sensitive to both gas and liquid velocities. 

The boundary between these regimes are shown by a straight line from the origin, called “fg*” (Fig. 2.4). 

A visualization study (Gajbhiye and Kam, 2011) as summarized in Fig. 2.5 shows that the fg* is a 

threshold value of foam quality (fg) below which foams are stable exhibiting either fine-textured 

homogeneous “plug-flow pattern” or “segregated-flow pattern”, and above which the flow consists of a 

repetition of fine-textured foam slugs and free-gas segments forming “slug-flow pattern”. One may notice 

that a plot similar to Fig. 2.3 is no other than the change in effective foam viscosity along the vertical 

scanning line in Fig. 2.4 or 2.5, (i.e., increasing ug at a fixed value of uw). Then the low-quality regime 

and high-quality regime are described by the regions with fg<fgth2 and fg>fgth2, respectively, implying that 
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fgth2 is in fact identical to fg*. No modeling attempts have been made to implement these trends observed 

by experiments, however.  

 

Figure 2.4: Two foam-flow regimes conjectured by Bogdanovic et al. (2009): the pressure contours and 

the boundary (fg*) are hand-drawn and approximated by linear lines. (1 wt% of Cedepal FA-406 

surfactant in distilled water as a liquid phase; nitrogen as gas phase; ΔP measured over 8.5 ft length 0.36 

inch ID horizontal stainless steel pipe) . 

 

Gajbhiye and Kam (2012) investigated the effect of inclination angles on two foam-flow regimes 

concept through an experimental study.  They found out that in plug flow or slug flow pattern, where fine-

textured foam is achieved, the direction of flow (or, inclination angle) has no significant effects on foam 

rheology because the viscous force is dominant in these flow regimes. However in segregated flow 

pattern, where there is a liquid layer is flowing with foam, foam rheology depends on flow direction 

because the gravitational force becomes more dominant over the viscous force. 
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Figure 2.5: A schematic of different flow regimes of foam flow in pipes based on foam texture and flow 

pattern (Gajbhiye and Kam, 2011).  
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CHAPTER 3: TWO FOAM-FLOW REGIMES IN PRESENCE OF OIL AND 

POLYMER1 

The objective of this chapter is to investigate foam flow characteristics using the concept of high-

quality and low-quality regimes in horizontal pipes at different injection conditions with a special 

emphasis on the effects of oil and polymer, which is more relevant to the actual foam field applications. 

The specific goals from this chapter include (i) how the presence of oil shifts surfactant foam rheology by 

affecting foam rheology; (ii) how the behavior of polymer-added foams is different from that of polymer-

free surfactant foams; and (iii) how to capture foam flow characteristics by using bubble size, bubble-size 

distribution, and flow patterns in a wide range of injection conditions to show the effects of oil and 

polymer comprehensively. 

3.1 Methods 

All experiments were conducted using experimental facilities shown in Fig. 3.1. The 

experimental set-up consisted of a transparent nylon pipe (12.6 ft long (3.84 m), 0.38/0.5 inch (0.97/1.27 

cm) inner/outer diameters) with eight equally-spaced Omega pressure transducers (Omegadyne Inc., OH) 

named A through H from the inlet. The measured pressure data from transducers were transmitted into the 

data acquisition system. Surfactant solution and oil were injected into the pipe by using two Optos 3HM 

pumps (Eldex, CA) with the flow rate range of 0.04–80 cm3/min and 0.04–10 cm3/min, respectively. A 

5850E Brooks mass flow controller (Brooks Instruments, PA) was used to regulate gas phase flow from a 

high-pressure nitrogen gas cylinder. Gas and liquid phases were introduced into the main pipe through 

1/8-inch (0.32 cm) inner-diameter stainless steel tubing. For experiments with polymer-added surfactant 

foams, a 90 micron filter was placed upstream of the pipe in order to create high shear rate, which helps 

                                                           
1 This chapter previously appeared as Edrisi, A.R., Gajbhiye, R.N., and Kam, S.I., Experimental Study of Polymer-

free and Polymer-added Foams for Underbalanced Drilling: Are Two Foam-Flow Regimes Still There? Paper 

SPE162712 presented at the SPE Canadian Unconventional Resources Conference, Calgary, Canada, 30 October – 1 

November, 2012. It is reprinted by permission of Society of Petroleum Engineers. Copyright 2012, Society of 

Petroleum Engineers. Further reproduction prohibited without permission. See appendix 2 for more details. 
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polymer solution create fine-textured polymerized foams.  All the experiments have been carried out in a 

room temperature. A digital camera was used to videotape the flow of foam mixture inside the pipe for 

future analysis. Foam exiting from the pipe was accumulated in a bucket to be disposed of appropriately 

later. In all experiments, Stepanform-1050 (Stepan, IL) was used to prepare surfactant solutions; N-

decane and nitrogen were used as oil and gas phase respectively; and Liquid Guar CM (Drilling 

Specialties Company, TX) was used as polymer chemical. 

 

Figure 3.1: Experimental set-up for foam flow in horizontal pipes in this study. 

 

Care should be taken during the preparation of polymer and surfactant solutions in order to 

produce samples with identical properties. Especially polymer hydrolysis should be conducted by 

repeating the same procedures due to the sensitivity of polymer solution to the magnitude and history of 
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shear rates.  The steps described below were employed to produce 600 gram of 0.5 weight percent (wt%) 

surfactant solution with 0.5 wt% concentration of polymer used in this study.  

Step 1: Pour 594 grams of deionized water into a blender cup. 

Step 2: Add 3 grams of Liquid Guar CM. 

Step 3: Stir the solution continuously with 14,000 rpm Single Spindle Hamilton Beach Mixer 

(Hamilton Beach, TX) for 10 minutes. 

Step 4: Measure the viscosity of solution by using Fann V-G rotational viscometer (Fann 

Instrument Company, Houston, TX) at 300 RPM and 600 RPM.  

Step 5: Add 3 grams of Stepanform surfactant into the polymer solution prepared. 

Step 6: Pour the entire solution in a beaker and keep stirring with a magnetic bar. The solution is 

ready to be used for flow experiments. 

The Hamilton Beach Mixer (part # 152-00 static upright stand mixer from OFITE Catalogue) 

offers rotational speeds ranging from 14,000 rpm to 24,000 rpm. Preliminary experiments showed that the 

duration of 10 minutes, a typical industry practice, was long enough to reproduce the same polymer 

solutions even at the lowest 14,000 rpm, which was then employed in all experiments in this study. 

Failure to create polymer solutions with the same properties affects the level of generating fine-textured 

foams at high shear rate in flow experiments.    

For given gas and liquid flow rates, expressed by Qg and Qw respectively, the superficial 

velocities are defined as follows: 

𝑢𝑔 =
𝑄𝑔

𝐴
   and         (3-1) 
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𝑢𝑤 =
𝑄𝑤

𝐴
  ,        (3-2) 

where A is the internal cross-sectional area of the pipe. 

 Apparent foam viscosity (μapp) can be calculated based on the wall shear stress (τw) and 

wall shear rate (�̇�w) from fluid mechanics, i.e.,  

𝜇𝑎𝑝𝑝 =
𝜏𝑤

�̇�𝑤
 ,         (3-3) 

𝜏𝑤 =
∆𝑃

𝐿

𝐷

4
 , and         (3-4) 

�̇�𝑤 =
8 𝑢𝑡

𝐷
          (3-5) 

where, ut is the total superficial velocity (i.e., ut = Qt/A = (Qg + Qw)/A = ug + uw), Δp is the 

pressure drop over the distance of L, and D is the pipe inner diameter.  

3.2 Results and Discussions 

Different types of foam flow experiments carried out in this study can be summarized as follows: 

(i) surfactant foam flow tests without oil and polymer; (ii) surfactant foam flow tests with oil but without 

polymer; and (iii) surfactant foam flow tests with polymer but without oil.  In all experiments, 0.5 wt % 

Stepanform 1050 is used as surfactant solution, N-decane as oil phase, and Liquid Guar CM as polymer. 

In addition, the pressure drop between pressure ports B and G (i.e., the second and the second-last 

transducers from the inlet; cf. Fig. 3.1) is used to evaluate foam viscosity in order to eliminate possible 

inlet and outlet effects that influence pressure readings at ports A and H. Such a step is shown to be 

necessary as shown by Bogdanovic et al. (2009) in similar experimental designs. This section covers 

details about polymer preparation followed by experimental results of the three types of flow tests 

mentioned above.   
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3.2.1 Polymer Preparation 

Because the properties of polymer-added foams are sensitive to the way how polymer solutions 

are prepared, caution should be taken to make homogeneous and reproducible polymer solutions. As 

shown in Fig. 3.2, the addition of Liquid Guar CM polymer into water (i.e., heterogeneous solution in 

Fig. 3.2(a) before hydrolysis) should be followed by agitation of the fluid with high rpm resulting in a 

homogeneous solution after hydrolysis (cf. Fig. 3.2(b)). If the agitation is not vigorous enough (or the 

applied rpm is not high enough), the polymer is not fully dispersed in the solution leaving crumbs on the 

water surface (Fig. 3.2(c)). The testing with the Single Spindle Hamilton Beach Mixer at three values of 

rpm available (14,000, 21,000, and 23,900 rpm) shows that 14,000 rpm is high enough to achieve a 

homogeneous solution. Additional experiments with different agitation times (5, 15, 30, and 60 minutes) 

show that the apparent viscosity values at 300 rpm and 600 rpm measured by Fan VG rotational 

viscometer are almost identical and stable irrespective of agitation time when 14,000 rpm is tried.  

 

Figure 3.2: Preparation of polymer solutions: (a) addition of Liquid Guar CM before mixing; (b) a 

homogeneous polymer solution after mixing; and (c) a heterogeneous polymer solution after incomplete 

mixing. 
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Next testing is carried out to figure out the role of Single Spindle Hamilton Beach Mixer. Two 

different experiments are compared: (i) the use of a magnetic stirring bar at its highest rotation speed 

without Single Spindle Hamilton Beach Mixer involved and (ii) the use of Single Spindle Hamilton 

Beach Mixer (14,000 rpm for 60 minutes) followed by continuous agitation with a stirring bar at its 

highest rotation speed. Notice that the use of a stirring bar at its highest rotation speed also gives a 

homogeneous solution after 60 minutes of agitation (cf. Fig. 3.2(b)). The apparent viscosity results 

measured at 300 rpm and 600 rpm in Fig. 3.3 show that the Liquid Guar CM polymer solution prepared 

by the mixer not only provides higher values during initial mixing period, but it also produces a solution 

which can maintain the initial viscosity values for a longer period – there is a significant decay in 

viscosity values once the solution is prepared by stirring bar only. This outcome is important because the 

polymer solution prepared by the mixer (Fig. 3.3(a)) guarantees the long-term stability of the polymer 

solution, which then hints how often fresh polymer solutions should be made during lab experiments.  

 

Figure 3.3: Viscosity of polymer solution at two different rates, 300 and 600 RPM, as a function of time: 

(a) mixing with Hamilton Beach Mixer (first 60 minutes) followed by magnetic stirring bar; (b) mixing 

with a magnetic bar only. 

 

Another testing is conducted after mixing the polymer solution, prepared as described above, with 

Stepanform surfactant chemicals in order to evaluate foaming capability in the presence and absence of 
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foam generator. Note that the foam generator in this study is a filter with 90 micron opening size. When 

this polymer-added surfactant solution (0.5 wt% Stepanform and 0.5 wt% Liquid Guar CM) is injected 

into the pipe through stainless steel tubing (1/16 inch (0.16 cm) inner diameter) at Qw = 20 cc/min 

together with nitrogen at various Qg values as shown in Fig. 3.4, the measured pressure drops at eight 

pressure transducers are remarkably different between the case without foam generator (maximum 

pressure near up to 1.2 psi in Fig. 3.4(a)) and the case with foam generator (maximum pressure up to 9 psi 

in Fig. 3.4(b)). This proves that the common technique of using high shear rate to create fine-textured 

polymer-added foam is consistent with the observation in this study.   

 

Figure 3.4: Pressure profile of polymer solution (0.5 wt% Liquid Guar CM, Qw = 20 cm3/min) measured 

at 8 pressure taps along the pipe: (a) without foam generator; and (b) with foam generator (90 micron 

filter). The system fails to generate fine-textured foams at low shear rate (i.e., without foam generator) as 

expected. 

 

3.2.2 Flow Experiments with Surfactant Foams (without Oil and Polymer)  

Fig. 3.5 shows pressure responses from all eight pressure ports (A through H) during coinjection 

of gas and surfactant solution in the absence of oil and polymer. The liquid injection rate (Qw) is fixed at 

60 cm3/min while the gas injection rate (Qg) varies from 200 to 5000 cm3/min, and then back to 200 

cm3/min. As previous studies reported (Bogdanovic et al., 2009; Gajbhiye and Kam, 2011), the pressure 
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drop increases with increasing gas rate at low Qg range (which is a typical symptom of low-quality 

regime), while the pressure drop decreases with increasing gas rate at high Qg range (which is a symptom 

of high-quality regime).    

 

Figure 3.5: Pressure profile of surfactant foams (Stepanform 0.5 wt%, Qw=60 cm3/min ): gas injection 

rate was increased from 200 to 5000 cm3/min, and then was reduced back to 200 cm3/min.  

 

Fig. 3.6 shows the pressure responses at four liquid injection rates (20, 40, 60 and 80 cm3/min) in 

experiments similar to Fig. 3.5 (Note that Fig. 3.6(c) is identical to Fig. 3.5). The stabilized pressure drop 

measured between pressure ports B and G (ΔPBG) at each combination of gas and liquid rates in Figs. 

3.6(a) through 3.6(d) can be plotted as shown in Fig. 3.7. Note that the actual gas rate (Qg
actual) on the x 

axis is calculated at the average system pressure (Pavg), which is, Pavg = Pback + (PB + PG)/2 where Pback is 

kept at 1 atm in all experiments. Foam quality (fg) values reported in this study are also based on the 

actual gas rate (Qg
actual) and injection liquid rate (Qw), accordingly. There are two sets of data available 
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from each of the plots in Fig. 3.6 – one by increasing and the other by decreasing gas flow rate – which 

are expressed by filled and open symbols, respectively, in Fig. 3.7.  A pressure contour plot can be 

constructed as shown in Fig. 3.8, by using the data points with filled symbols in Fig. 3.7. It is worth 

mentioning that the maximum ΔPBG at each curve in Fig. 3.7 is translated into the value of fg* in Fig. 3.8 

such that the 2-dimensional contour plot is separated by a locus of fg*.  Bogdanovic et al. (2009) named 

the region above fg* “high quality regime” and below fg* “low quality regime”.  Overall responses in 

Figs. 3.5 through 3.8 are consistent with their findings. 

 

Figure 3.6: Pressure profile of surfactant foams (Stepanform 0.5 wt%): (a) Qw=20 cm3/min, (b) Qw=40 

cm3/min, (c) Qw=60 cm3/min, and (d) Qw=80 cm3/min at various Qg from 200 to 5000 sccm. 
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Figure 3.7: Pressure drop between ports B and G (ΔPBG) as a function of various gas and liquid rates 

during surfactant foam injection (Stepanform 0.5 wt%). 

 

 

Figure 3.8: Contour plot of pressure drop between ports B and G (ΔPBG) in psi for surfactant foams 

(Stepanform 0.5 wt%) as a function of gas and liquid velocities. Note that the pressures in boxes are 

experimentally measured values, and fg* is the boundary line separating the high-quality and low-quality 

regimes based on the pressure contours. (1 psi = 6900 Pa) 
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3.2.3 Flow Experiments with Surfactant Foams and Oil  

Fig. 3.9 shows foam experiments at the same four surfactant injection rates (Qw = 20, 40, 60 and 

80 cm3/min) but with oil injected together at Qo = 0.5 cm3/min.  Note that Qo is significantly smaller than 

Qw because the situation of interest is a trace amount of oil entering the bottom hole during foam 

underbalanced drilling. Compared with Fig. 3.6 with no oil, the responses with oil in Fig. 3.9 are similar: 

(i) at given surfactant injection rates (Qw), the pressure drop increases with Qg until foam quality (fg) 

reaches fg* (i.e., low-quality regime), then decreases with Qg as fg goes beyond fg* (i.e., high-quality 

regime); (ii) all plots are mirror-imaged meaning that there is no hysteresis involved; and (iii) the pressure 

data are stable in the low-quality regime but are fluctuating significantly in the high-quality regime, which 

is caused by different foam flow patterns (stable plug flow or segregated flow in the low-quality regime, 

while unstable slug flow pattern in the high quality regime)  as illustrated in Fig. 2.3. The first two aspects 

are also well demonstrated in Fig. 3.10.  

In addition, when compared with Fig. 3.7, the measured ΔPBG in Fig. 3.10 shows two typical 

symptoms in the presence of oil: (i) the peak value of  ΔPBG is lower with oil (for example, ΔPBG = 4, 8, 

13, and 19 psi in Fig. 3.10 while ΔPBG = 5, 10, 18, and 22 psi in Fig. 3.7 at Qw = 20, 40, 60, and 80 

cm3/min, respectively) and (ii) the magnitude of Qg at which the ΔPBG peak takes place is also reduced 

with oil (for example, Qg at the ΔPBG peak = 849 and 1476 cm3/min in Fig. 3.10 while Qg at the ΔPBG 

peak = 1220 and 1724 cm3/min in Fig. 3.7 at Qw = 20 and 40 cm3/min, respectively). These two aspects 

are also shown in pressure contours in Fig. 3.11 – a slight reduction in pressure drop and fg* value. 

Although not shown in this study, the additional experiments at different oil rates (Qo = 0.1 and 0.5 

cm3/min) and different surfactants also show similar responses. This implies that the intrusion of oil 

during foam drilling, although in small quantity, influences foam stability, and therefore should be 

accounted for in foam drilling hydraulics calculations. 



26 

 

 

Figure 3.9: Pressure profile of surfactant foams (Stepanform 0.5 wt%) with oil (0.5 cm3/min): (a) Qw=20 

cm3/min, (b) Qw=40 cm3/min, (c) Qw=60 cm3/min, and (d) Qw=80 cm3/min at various Qg from 200 to 5000 

sccm. 

 

 

Figure 3.10: Pressure drop between ports B and G (ΔPBG) as a function of various gas and liquid rates 

during surfactant foam injection (Stepanform 0.5 wt%) with oil (Qo= 0.5 cm3/min). 
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Figure 3.11: Contour plot of pressure drop between ports B and G (ΔPBG) in psi for surfactant foams 

(Stepanform 0.5 wt%) in presence of oil  (Qo= 0.5 cm3/min) as a function of gas and liquid velocities. 

Note that the pressures in boxes are experimentally measured values, and fg* is the boundary line 

separating the high-quality and low-quality regimes based on the pressure contours. (1 psi = 6900 Pa) 

 

3.2.4 Flow Experiments with Polymer-added Surfactant Foams  

The experiments with polymer are conducted with surfactant solution with 0.5 wt% Stepanform 

and 0.5 wt% Liquid Guar CM. Because of the time required for preparing polymer solution, liquid 

injection rates of 10, 20, and 40 cm3/min are attempted as shown in Figs. 3.12, 3.13, and 3.14, 

respectively.  



28 

 

 

Figure 3.12: Pressure profile of polymer-added surfactant foams (Stepanform 0.5 wt%, Liquid Guar CM 

0.5 wt%) at Qw= 10 cm3/min.  

 

 

Figure 3.13: Pressure profile of polymer-added surfactant foams (Stepanform 0.5 wt%, Liquid Guar CM 

0.5 wt%) at Qw= 20 cm3/min. 
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Figure 3.14: Pressure profile of polymer-added surfactant foams (Stepanform 0.5 wt%, Liquid Guar CM 

0.5 wt%) at Qw= 40 cm3/min. 

 

Fig. 3.12 shows a series of experiments by varying Qg from 200 to 2,000 cm3/min at fixed Qw of 

10 cm3/min. The overall system response may seem similar to those responses in Figs. 3.6 and 3.9: the 

flow pattern at low Qg (i.e., Qg=200 cm3/min) is plug flow with fine-textured foams, leading to stable 

pressure responses (note that this is a typical symptom of low-quality regime at fg<fg*); and the flow 

pattern at high Qg (i.e., Qg=500, 1,000, and 2,000 cm3/min) is slug flow with intermittency between free 

gas and fine-textured foam, leading to unstable pressure responses (note that this is a typical symptom of 

high-quality regime at fg>fg*). A dramatic difference, however, is observed in between (i.e., Qg=300 and 

400 cm3/min) where the pressure response becomes hardly converging into a stabilized value. For 

example, when Qg is set to 300 cm3/min, the pressure rises rapidly at first (1,000 sec < t < 1,500 sec on 
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the x axis) but drops fast immediately after that (1,800 sec < t < 2,700 sec). The same response is also 

observed when Qg is set to 400 cm3/min – the pressure response seems changing chaotically.   

The same experiments are shown in Figs. 3.13 and 3.14 where the injection Qw is 20 and 40 

cm3/min, respectively, by changing Qg (200 – 2,000 cm3/min in Fig. 13 or 200 – 3,000 cm3/min in Fig. 

3.14). Although the behavior at low Qg with stable pressure responses backed by plug flow and the 

behavior at high Qg with unstable pressure responses backed by slug flow are the same, the unusual 

responses – the system not converging - are still there. For example, Qg = 500 cm3/min in Fig. 13 and Qg 

= 600, 800, and 1,000 cm3/min in Fig. 3.14 do not show converging responses. In addition, this chaotic 

behavior occurring in mid-range Qg values often makes the plot not mirror-imaged any longer (cf. Qg = 

600, 800, and 1,000 cm3/min in Fig. 3.14). 

 

Figure 3.15: Pressure profile of polymer-added surfactant foams (Stepanform 0.5 wt%, Liquid Guar CM 

0.5 wt%) at Qw= 10 cm3/min: repeated to compare with Fig. 3.12. 
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In order to understand this chaotic behavior better, more experiments are carried out. One 

example is shown in Fig. 3.15 in which Qw is fixed at 10 cm3/min but Qg is varied from 200 to 400 

cm3/min, to be compared with Fig. 3.12 (1,000 sec < t < 3,300 sec).  This result shows two interesting 

findings: (i) the chaotic behavior shown with Qg = 300 cm3/min in Fig. 3.12 is still observed in Fig. 3.15 

and, furthermore, the behavior repeats between the upper and lower ends of pressure; and (ii) the pressure 

response with Qg = 400 cm3/min in Fig. 3.12 is not shown in Fig. 3.15, implying that the chaotic behavior 

may not be easily reproducible in some cases.   

Fig. 3.16 shows pressure contours with the average pressure values measured during the 

experiments. The range of gas and liquid rates which ends up with chaotic behavior (never reaching a 

steady state as shown in Figs. 3.12 through 3.15) is shown by the envelope expressed by dashed line. It is 

interesting to find that (i) the overall pressure contours still exhibit both high-quality and low-quality 

regimes, and (ii) the region, which is affected by the chaotic behavior, is located near the boundary 

between the two regimes. The implication of this outcome is that polymer-added surfactant foams can still 

be modeled by two flow regime concepts with some uncertainty near the fg* value.  

The experimental responses shown in Figs. 3.13 to 3.16 with 0.5 wt% Liquid Guar CM seem 

typical in polymer-added surfactant foams. Fig. 3.17 shows an example with 0.1 wt% Liquid Guar CM at 

Qw = 20 cm3/min to be compared with Fig. 3.13.  At this lower polymer concentration, the pressure values 

do not converge easily in the Qg range of 300 - 600 cm3/min, showing a dramatic change in pressure 

values especially at Qw = 600 cm3/min. The plot of pressure drop shown in Fig. 3.18, once again, 

demonstrates the same behavior as described in Fig. 3.15, which is, the high-quality regime at high fg, the 

low-quality regime at low fg, and the chaotic transition region in between. 
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Figure 3.16: Contour plot of pressure drop between ports B and G (ΔPBG) in psi for polymer-added 

surfactant foams (Stepanform 0.5 wt%, Liquid Guar CM 0.5 wt%) as a function of gas and liquid 

velocities. (1 psi = 6900 Pa) 

 

 

Figure 3.17: Pressure profile of polymer-added surfactant foams (Stepanform 0.5 wt%, Liquid Guar CM 

0.1 wt%) at Qw= 20 cm3/min.  
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Figure 3.18: Pressure drop between ports B and G (ΔPBG) during surfactant foam injection during 

polymer-added surfactant foam injection (Stepanform 0.5 wt%, Liquid Guar CM 0.1 wt%) at Qw= 20 

cm3/min. 

 

In order to investigate what makes this difference near fg*, a careful visual analysis is followed as 

shown in Fig. 3.19, comparing polymer-free (Fig. 3.19(a)) and polymer-added (Fig. 3.19(b)) surfactant 

foams.  In the absence of polymers (Fig. 3.19(a)), there are four flow patterns observed based on the 

pressure response and flow pattern – segregated and plug flow patterns in the low-quality regime and slug 

and mist flow patterns in the high-quality regime. Note that a schematic drawing for each flow pattern is 

also provided: (1) for segregated flow pattern with bubbles flowing at the top and liquid flowing on the 

bottom at different velocities; (2) for plug flow pattern with homogeneous fine-textured foam flow; (3) 

for slug flow pattern near fg* showing foams and free gas, intermittently and repeatedly, with relatively 
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short free-gas sections, and (4) for slug flow pattern away from fg* (i.e., closer to mist flow pattern) 

showing foams and free gas intermittently and repeatedly with relatively short foam sections. Beyond 

that, mist flow pattern is observed with liquid droplets as internal phase within external gas phase (with 

some foam residue occasionally flow on the bottom). 

When the same experiments are conducted in the presence of polymers (Fig. 3.19(b)), the overall 

response is similar to two flow regimes and four flow patterns explained in Fig. 3.19(a), but with the 

chaotic transition region as described in Figs. 3.13 through 3.16. Close visual observation shows that the 

bubble size distribution and flow pattern in the chaotic region do not reach an equilibrium state – the 

system tends to continuously shift from one to another among three states depicted by (5), (6) and (7) in 

which the foam mixture consists of different bubble size distributions. That is why the pressure response 

tends to change dramatically even at fixed gas and liquid rates – when foams are made of relatively 

narrower bubble size distribution as shown in (5), the pressure drop is higher; while when foams are made 

of relatively broader bubble size distribution as shown in (7), the pressure drop is lower. It appears that 

there is a strong competition between bubble-generation and bubble-coalescence mechanisms within the 

chaotic transition region, but the system simply fails to be governed by any one state. This implies that, at 

fixed liquid rate, a slight decrease in gas rate is likely to push the mixture to fine-textured plug-flow 

pattern (i.e., bubble generation dominant induced by wetter foams), and a slight increase in gas rate is 

likely to push to the mixture to slug flow pattern (i.e., bubble coalescence dominant induced by drier 

foams), which is in fact consistent with Fig. 3.19(b). Fig. 3.20 shows actual photos taken from 

experiments showing different foam flow patterns depicted from (1) through (7). 
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Figure 3.19: Comparison of foam flow characteristics between (a) polymer-free and (b) polymer-added 

surfactant foams in terms of pressure profile plot. 
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Figure 3.20: Actual photos of different flow characteristics shown in Fig. 3.19. 

 

This chaotic behavior represented by (5) to (7) in Fig. 3.19(b) is believed to happen due to the 

increase in water viscosity by adding polymers. Without polymers, the mixture reaches equilibrium 

rapidly because large bubbles easily break up into smaller bubbles by high shear rate, and small bubbles 

readily coalesce into large bubbles due to mechanical disturbance and film drainage of water into the 
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Plateau boarders (Kraynik, 1988). With polymers present, however, the water with higher viscosity 

reduces bubble creation even at high shear stress because it is more difficult to agitate high-viscosity 

fluid, and slows down water transport through foam films and thus resists to bubble coalescence. It is 

unclear at this stage if the mixture converges into equilibrium essentially, if the experiments are 

conducted for an extended period. 

Fig. 3.21 shows the effect of chaotic transition region in terms of pressure contours. In the 

absence of polymers, the pressure contours exhibit two flow regimes and four flow patterns ((1) through 

(4) consistent with drawings in Fig. 3.19(a)). On the other hand, once polymers are present, the chaotic 

transition region appears between slug and plug flow patterns ((1) through (7) consistent with drawings in 

Figs. 3.19(a) and 3.19(b)). Remarkably, the two flow regimes can be identified by two distinct pressure 

contours – almost horizontal slope in the low-quality regime and finite slope in the high-quality regime – 

irrespective of polymers. This implies that, for modeling purpose, a single foam model can be used 

consistently for surfactant foams with and without polymers. 

It is worthwhile to think about what the chaotic behavior observed with polymer-added foams 

means in actual foam field drilling applications where the process continues for a much longer duration 

and in a much longer system. The oscillating chaotic transition region (i.e., earlier part of Fig. 3.15 as 

marked in Fig. 3.16) may only exist within a short distance, and thus such a behavior may cancel or 

averaged out when the entire system is considered. Or once such a chaotic behavior takes place, the 

system may prefer to moving from one flow pattern to another (i.e., plug flow to slug flow, or slug flow 

to plug flow, and so on) with time. These issues are beyond the scope of this study and deserve further 

research efforts in larger facilities. In addition, it should also be pointed out that exactly how these flow 

patterns (such as plug flow, slug flow, and chaotic behavior) should be translated at different conditions, 

especially different pipe materials/roughness and diameters, is largely unknown at this stage, even though 

the theoretical descriptions provided in this study by using bubble size, bubble-size distributions, film 

stability during shear flow and so on are believed to be still applicable. 
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Figure 3.21: Comparison of foam flow characteristics between (a) polymer-free and (b) polymer-added 

surfactant foams in terms of contour plot. 

 

In general, all experiments shown in this study are repeatable. For example, the experiments with 

increasing gas flow rate are similar to those with decreasing gas flow rates evidenced by mirror imaged 
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plots (eg. Figs. 3.5, 3.6, 3.9, 3.13 and 3.14), exhibiting nearly the same steady-state (or time-averaged) 

pressure and magnitude of data scattering. The only exception applies to the chaotic transition region with 

polymer-added foams, where the individual pressure responses are unpredictable and thus not repeatable 

necessarily. Even so, the range of total flow rates and foam qualities showing the chaotic regions is highly 

repeatable, which allows characterization as shown in Fig. 3.21 (b).  

Although this study investigated the effect of oil and polymer separately, the combined effect of 

oil and polymer together is yet to be covered. It is primarily because the outcome is expected to be very 

oil-specific and polymer-specific, varying significantly with the types and concentrations of those 

chemicals. A comprehensive study for polymer-added foams in presence of oils remains as a future 

research topic. It is worth noting based on experimental results in this study, however, that what matters 

for understanding foam rheology is not the presence of those foreign chemicals itself, but how they 

interact with foams affecting film stability and bubble generation/coalescence mechanisms. 

To recapitulate, the term “chaotic” or “chaotic transition” zone in this study is selected to describe 

unstable pressure responses near fg* for polymer-added surfactant foams. The term is used to represent 

the system not really reaching the state of homogeneous flow of fine-textured in the low-quality regime, 

or the state of periodic alternation of free gas and fine-textured foams in the high-quality regime. 

Therefore, not only the steady-state pressure response but also the steady-state foam texture is 

unpredictable. The main reason behind such a behavior is caused by two different mechanisms competing 

each other: higher water viscosity with polymer gives a better stability to foam films which inhibits 

getting into the high-quality regime even at higher gas fraction; and thicker fluid mixture gives a harder 

time to agitate which inhibits getting into the low-quality regime even at lower gas fraction. How this 

response should be translated in a field-scale application (i.e., for a longer system where a larger time is to 

elapse) is not clear. Figure 3.22 shows a series of snapshots of foam flow in pipe with 2 second time 

intervals for foams in chaotic region (Qg = 300 cm3/min as shown in Fig. 3.15). 
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Figure 3.22: Snapshots of foam flow in pipe with 2 second time intervals for foams in chaotic region (Qg 

= 300 cm3/min as shown in Fig. 3.15).  
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CHAPTER 4: MODELING FOAM FLOW IN PIPES USING TWO FOAM-FLOW 

REGIMES CONCEPT1 

The main objective of this chapter is to develop a comprehensive foam model which can 

accommodate the recent findings of foam rheology represented by high-quality and low-quality regimes. 

By using the term “comprehensive”, this new modeling approach is expected to be distinguished from 

empirical foam equations in the literature because it covers a broad range of foam characteristics dealing 

with stable and unstable flows, slug-flow and plug-flow patterns, and low and high foam qualities. 

4.1 Methods 

Typical laboratory foam flow experiments are involved in pressure measurements at fixed gas 

and liquid injection flow rates or velocities (cf. Figs. 2.4 and 2.5). Superficial gas velocity (ug) and 

superficial liquid velocity (uw) are calculated from gas flow rate (Qg) and liquid flow rate (Qw), 

respectively, i.e., 

ug =
Qg

A
;  uw =

Qw

A
          (4-1) 

and the total velocity (ut) and total flow rate (Qt) are then related as follows: 

ut = uw + ug =
Qw

A
+

Qg

A
=

Qt

A
        (4-2) 

where A is the internal cross-sectional area of the pipe.  

Once foam forms plug-flow pattern represented by a flow of homogeneous fine-textured foams 

(cf. low-quality regime in Figs. 2.3, 2.4 and 2.5), the slip effect at the wall becomes important to 

                                                           
1 This chapter previously appeared as Edrisi, A.R., and Kam, S.I., A New Foam Rheology Model for Shale-Gas 

Foam Fracturing Applications, Paper SPE162709 presented at the SPE Canadian Unconventional Resources 

Conference, Calgary, Canada, 30 October – 1 November, 2012. It is reprinted by permission of Society of Petroleum 

Engineers. Copyright 2012, Society of Petroleum Engineers. Further reproduction prohibited without permission. 

See appendix 2 for more details. 
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understand foam rheology. This concept is well described by previous studies on lubricating and drainage 

effects (Enzendorfer et al., 1995; Bekkour, 1999; Gardiner et al., 1999; Rojas et al., 2001; Briceno and 

Joseph, 2003). Among many, this study borrows an equation from Beyer et al. (1972) for the modeling 

purpose, which is, 

𝑢𝑡 =
𝑄𝑡

𝐴
=  𝑢𝑓 + 𝑢𝑠         (4-3) 

where, the total volumetric flux (ut) is the addition of fine-textured homogeneous bulk foam 

velocity (uf) and wall slip velocity (us). Gardiner et al. (1999) relate wall slip velocity (us) with slip 

coefficient (βc) and the thickness of liquid slip layer on the wall (δ) as follows: 

𝑢𝑠 =
𝛽𝑐 𝜏𝑤

𝐷
  and         (4-4) 

𝜏𝑤 =
𝜇 𝑢𝑠

𝛿
          (4-5) 

where τw, µ, and D are the wall shear stress, fluid viscosity, and pipe diameter, respectively. Note 

that if the slip velocity (us) is measured at given experimental conditions (i.e., total velocity, foam quality, 

pipe roughness and diameter, and so on), Eqs. 4-4 and 4-5 allow the estimation of wall slip coefficient 

(βc) and slip layer thickness (δ) which are essential to foam-related fluid mechanics calculations.  

For foams forming slug-flow pattern, the system in some sense never reaches a steady state. 

Rather it consists of free-gas and foam-slug segments alternating each other periodically (cf. Figs. 2.3, 2.4 

and 2.5). For the slug flow pattern with repetitions of two stable states (let’s say, state 1 and state 2), the 

injected foam quality (fg) is no other than the volume-averaged (or length averaged if the cross-sectional 

area is kept constant) foam quality of the two states, i.e.,    

𝑓𝑔 =
𝐿1

𝐿𝑡
𝑓𝑔1 +

𝐿2

𝐿𝑡
𝑓𝑔2         (4-6) 
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where Lt is the total length of the repeating unit consisting of segment 1 and segment 2, L1 and L2 

are the lengths of segment 1 and segment 2 respectively; and fg1 and fg2 represent foam qualities of the 

segment 1 and 2, respectively.  If the slug-flow pattern is viewed as a combination of free-gas segment 

and fine-textured foam-slug segment at fg* (cf. Figs. 2.3, 2.4 and 2.5), then Eq. (4-6) becomes 

𝑓𝑔 =
𝐿𝑔

𝐿𝑡
+

𝐿𝑡−𝐿𝑔

𝐿𝑡
𝑓𝑔

∗         (4-7) 

Note that L1 and fg1 are replaced by the length of free gas segment (Lg) and gas fraction of free-

gas segment (fg = 1), and L2 and fg2 are replaced by the length of foam-slug segment (Lt - Lg) and gas 

fraction of foam at fg* (fg = fg*). More details about this approximation are given in the results section. 

The wall shear stress (τw) and wall shear rate (�̇�w) for a laminar flow of a Newtonian fluid in a 

circular tube with length of L and diameter of D can be calculated from fluid mechanics (Darby, 2001) 

using 

𝜏𝑤 =
∆𝑃

𝐿

𝐷

4
 and         (4-8) 

�̇�𝑤 =
8 𝑢𝑡

𝐷
          (4-9) 

where, Δp is the pressure drop over the distance of L. For power-law fluid and Bingham-plastic 

fluid, the wall shear stress (τw) and wall shear rate (�̇�w) are expressed as follows, respectively:  

𝜏𝑤 = 𝐾 �̇�𝑤
𝑛  and        (4-10) 

𝜏𝑤 = 𝜏𝑦 + 𝜇𝑝 �̇�𝑤         (4-11) 

where K is the flow consistency index and n is the flow behavior index for power-law rheology, 

and τy is the yield point and µp is the plastic viscosity for Bingham plastic rheology.  
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The improved foam model proposed in this study first uses the rheology of fine-textured foams 

(either Bingham-plastic or power-law) as shown in previous studies (Eqs. 4-10 and 4-11) for plug-flow 

pattern in the low-quality regime. Then, for foams with slug-flow pattern in the high-quality regime, foam 

rheology is expressed by putting fine-textured foams and free gas phase together as observed by the 

visualization study of Gajbhiye and Kam (2011). Therefore the rheology of foams in the high-quality 

regime is similar to time- and space-averaged property as shown in Eq. 4-6. 

4.2 Results and Discussions 

4.2.1 Data Interpretation 

The presence of two flow regimes and corresponding changes in foam texture and flow patterns 

are observed consistently in a wide range of gas and liquid velocities not only with conventional 

surfactant foams but also with polymer-added foams and foams flowing together with oils (Edrisi et al., 

2012). The basic concept is demonstrated in Fig. 4.1(a) for this modeling study. Strictly speaking, there 

exist many possible foam flow patterns, not only slug-flow and plug-flow patterns, but also (i) mist-flow 

pattern at very dry flow conditions where the phase inversion takes place such that the external 

continuous gas phase entrains the internal discontinuous liquid droplets, (ii) segregated-flow pattern in 

horizontal flow at relatively wet flow conditions where foams flow on the top of lower liquid layer; and 

(iii) bubbly-flow pattern at wet flow condition with low total flow rate where bubbles do not interact 

significantly during shear flow. Because most foam field applications in petroleum industry deal with 

relatively high flow rate and moderate foam quality (i.e., not too dry or not too wet), this study assumes 

that there are only two flow patterns of interest, slug-flow pattern to represent the high-quality regime and 

plug-flow pattern to represent the low-quality regime. More complexities, of course, can be added to this 

modeling technique later on if such an assumption over-simplifies the situation.  

The previous visualization study (Gajbhiye and Kam, 2011) describes how bubble size and 

bubble-size distribution change within the contour plot, which can be summarized as follow for this study 
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(Fig. 4.1(b)): suppose there are two scanning lines (shown by the vertical line A-A’ and the horizontal 

line B-B’ in Fig. 4.1(a)) and the total injection velocity is relatively high so that foam texture in the plug-

flow pattern is fully developed. Then it is observed that (i) along the vertical line from the bottom to the 

top (or, A to A’), the flow pattern changes from segregated-flow to slug-flow pattern (note that the 

segregated-flow pattern is ignored because it only happens near the x-axis). It means that there are almost 

 

Figure 4.1: Two flow patterns of interest in this modeling study – slug-flow pattern to represent the high-

quality regime and plug-flow pattern to represent the low-quality regime (see Figure 4.2 for more). 

 

no noticeable changes in the steady-state foam texture until fg reaches fg*. Once fg goes beyond fg*, free-

gas segments appear and alternate with fine-textured foams. This free-gas segment tends to grow and the 

foam-slug segment tends to shrink as fg further increases. Foam texture in these foam slugs are not 

meaningfully different from that in foams in the plug-flow pattern; and (ii) along the horizontal line from 

the right to the left (or, B to B’), only homogeneous fine-textured foams are present until fg reaches fg*. 

Once fg goes beyond fg* (moving to the left towards B’), fine-textured foams alternate with free-gas 

segments before moving into mist-flow pattern near B' (again, note that the mist-flow pattern is ignored in 

this study because it only happens near the y axis).  
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Figure 4.2: Photos from lab experiments showing foam flow mechanisms in the low-quality and high-

quality regimes in response to the changes in gas and liquid velocities (Although it is not shown clearly 

on this scale, water film thickness at the wall in (1) (i.e., wetter condition) is greater than that in (2) (i.e., 

drier condition)). 

 

Brief foam flow experiments in a 0.5-inch diameter nylon pipe are conducted by using nitrogen 

gas and Stepanform surfactant solutions to visually ensure the concept of lubricating and drainage effects 

and changes in foam texture described in Fig. 4.1(b) (see Edrisi et al. (2012) for more details on 

experiments). The results indeed revealed that if foam flow becomes wetter (eg. decrease in gas velocity 

or increase in water velocity), water tends to accumulate more at the wall making water film thicker; if 

the flow becomes drier, the opposite occurs (see (1) and (2) in Fig. 4.2). In addition, foams exhibiting 

slug-flow pattern show the change in the lengths of free-gas segment and foam-slug segment (or, the 

relative size of free-gas segment to foam-slug segment, equivalently; see (3) and (4) in Fig. 4.2) as 

follows: if foam flow becomes drier, the length of free-gas segment increases but the length of foam-slug 

segment decreases, still keeping the same foam texture in the foam slugs. (The free gas segments 

expressed by thick arrows in Fig. 4.2 were entirely filled by free gas with no foams, if not very coarse-

textured foams, even though the pipe surface seemed to be somewhat white-colored in the photos because 

of bubble residues staying on the pipe wall surface not inside the pipe.)   
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4.2.2 Modeling Techniques 

As a first step of modeling approach, Fig. 4.3 shows how to draw a series of pressure contour 

lines in both regimes in order to fit the experimental data (see the original plot in Fig. 3.8). First, those 

sections, believed to be with segregated-flow pattern (i.e., lower part of the plot near the x axis in Fig. 

4.3) and mist-flow pattern (upper left part of the plot near the y axis in Fig. 4.3), are ignored because they 

are not of interest in this study. Second, roughly draw a straight line from the origin (i.e., fg* line) to split 

the two distinct pressure contours representing slug-flow pattern in the high-quality regime and plug-flow 

in the low-quality regime. Third, draw a series of straight lines for each regime from the location 

reasonably away from the intersection between the fg* line and pressure contours – this automatically 

removes the transition behavior between the two flow regimes near fg* (i.e., the smooth and round parts 

of the contour lines near fg*) in the modeling. 

Fig. 4.4 shows several data points for each pressure contour value extracted from the straight 

pressure contour lines drawn in Fig. 4.3 (“not” from actual data points from experiments) for the steady-

state pressure drops from 4 to 14 psi. For each set of data, a best-fit straight line equation can be 

determined. Since the slope is shown to be pretty comparable, an average value is calculated to represent 

the slope in each regime: 7.14 for the low-quality regime (i.e., (4.85 + 6.17 + 6.76 + 8.06 + 8.17 + 

8.75)/6) and 91.08 for the high-quality regime (i.e., 96.35 + 90.01 + 90.60 + 92.74 + 87.04 + 89.77)/6). It 

should be pointed out that the selection of pressure contours of interest may not be unique for the 

analysis. For example, although the lower and upper bounds of the pressure drops (4 psi and 14 psi, 

respectively) and the interval in between (2 psi) as shown in Fig. 4.4 seem reasonable in this particular 

case, one may of course choose different pressure ranges and intervals depending on the number of data 

points and accuracy of pressure measurements. The reconstructed pressure contours, however, should not 

be very different based on the experience gained, as long as the trends of pressure contours are read and 

interpreted consistently. 



48 

 

 

Figure 4.3: Pressure contour plot (Edrisi et al. (2012) using surfactant foams (0.5 wt% Stepanform and 

nitrogen)) analyzed by a sketch of a series of straight pressure contour lines for model fit. (See Figure 3.8 

for original data) 

 

Once these average slopes in both regimes are estimated and applied, the pressure contours can be 

re-visited in order to find updated best-fit straight line equations again as shown in Fig. 4.5 (Note that in 

each regime, the lines have the same slopes as a result, but with different y intercepts). At each value of 

pressure drop, extensions of the two corresponding straight contour lines (one for low-quality regime and 

the other for high-quality regime) end up with an intersection point at that particular pressure drop. A 

collection of the six intersection points from 4 to 14 psi pressure drops, as shown in Fig. 4.6, can be 

plotted all together, and the best-fit straight line is then no other than the fg* line. Note that this fg* line 

constructed in Fig. 4.6 successfully reproduces the fg* line schematically drawn in Fig. 4.3, showing the 

same slope. (The fg* line in Fig. 4.6 has a slope of about 27 which is equivalent to 96% foam quality. 
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Figure 4.4: Construction of the best-fit straight lines for each set of pressure contours. (See Figure 3.8 for 

original data) 

 

 

 

Figure 4.5: Unified pressure contours by using representative slopes from both regimes. (See Figure 3.8 

for original data) 
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Figure 4.6: Construction of fg* line from the model fit to pressure contours (Fig 4.5). (See Figure 3.8 for 

original data) 

 

Next step is to establish foam rheology model along the fg* line. Fig. 4.7 shows the relationship 

between shear rate and shear stress for those six data points in Fig. 4.6, with a model fit by using power-

law model (Fig. 4.7(a)) and Bingham-plastic model (Fig. 4.7(b)). When the power-law model is applied, 

the flow consistency index (K) is 0.0706 lb.sn/ft2 and the flow behavior index (n) is 0.5876, with the 

square of correlation coefficient (R2) of 0.9881 (cf. Eq. 4.10). On the other hand, the use of Bingham-

plastic model gives the plastic viscosity of 0.0062 lb.s/ft2 and the yield stress of 0.3704 lb/ft2 with R2 of 

0.9981 (cf. Eq. 4-11). Although both models are shown to be equally satisfactory, the power-law model is 

selected for further analysis in this study because of the relatively high shear rate used in field 

applications (Gardiner et al., 1999). The selection of different rheology model such as Bingham-plastic or 

Hershel-Bulkley model, however, can also be applied in the same manner.  

Once foam rheology model is determined for the points sitting on the fg* line, foam rheology off 

the fg* line can be modeled. This requires the rheology along the fg* line (i.e., y = 0.0706x0.5876 in Fig. 

4.7(a)) and the slopes of contour lines in two flow regimes (i.e., 7.14 and 91.08 for the low-quality and 
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high-quality regimes, respectively, in Fig. 4.5). For example, suppose there is an arbitrary foam flow 

condition showing gas and liquid velocities represented by the point “A” in Fig. 4.6, which happens to be 

in the low-quality regime. Then, by using the representative slope of the low-quality regime (i.e., 7.14) 

calculated above, the point “A” can be traced back to the point “AA” on the fg* line. Similarly, an 

arbitrary point in the high-quality regime, point “B”, can also be traced back to the point “BB” on the fg* 

line by using the representative slope of the high-quality regime (i.e., 91.08). The pressure values at point 

“A” and point “B” can then be determined by point “AA” and point “BB”, using foam rheology model 

along the fg* line as obtained from Fig. 4.7(a).  

 

 

Figure 4.7: Foam rheology along the fg* line by using (a) power-law model and (b) Bingham-plastic 

model. 
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4.2.3 Rebuilding Two Flow Regime Map and its Implications 

Fig. 4.8 shows how this modeling concept can be applied in order to construct pressure contours. 

First, from the fg* line as shown in Fig. 4.6, select six data points sitting on the line, for example, uw = 

0.005, 0.010, 0.015, 0.020, 0.025, and 0.030 ft/s, and read the corresponding values of ug, roughly, 0.14, 

0.27, 0.4, 0.54, 0.67 and 0.81 ft/s. Second, by using each set of (uw, ug), calculate the wall shear rate (�̇�𝑤) 

(Eq. 4-9) and the corresponding wall shear stress (τw) (Eq. 4-10) with obtained values of K and n from 

Fig. 4.7(a). The resulting sets of ((�̇�𝑤) [1/sec], τw [lbf/ft2]) are (35.32, 0.57), (70.65, 0.86), (105.97, 1.09), 

(141.29, 1.29), (176.62, 1.48) and (211.94, 1.64). Third, convert the shear stress (τw) into the steady-state 

pressure drop (Eq. 4-8) and mark the resulting values of 4.32, 6.49, 8.23, 9.75, 11.115 and 12.37 psi as a 

function of (uw, ug), as shown in Fig. 4.8. Finally, by drawing a family of straight lines with the same 

slope in each regime as observed in the experiments (cf. Fig. 4.5), the entire pressure contours showing 

two-flow regimes are constructed. As expected, Fig. 4.8 resulting from this modeling effort is similar to 

the original contour plot of Fig. 4.3 with R2=0.86. 

 

Figure 4.8: Model reconstruction of data points along the fg* line and corresponding pressure contours. 

(See Figure 3.8 for original data) 
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Once the model is ready as shown by Fig. 4.8, the steady-state pressure values can be re-

calculated exactly at the same (uw, ug) points applied in the original lab experiments. An example is 

shown in Fig. 4.9(a) with the pressure values in the rectangular boxes. If the same experiments were 

carried out at even smaller ug intervals, a new contour plot similar to Fig. 4.9(b) could be created with 

more steady-state pressure values. Notice that the contour lines in Fig. 4.9(b) are more similar to those in 

Fig. 4.8 because of the increasing number of data points, compared with Fig. 4.9(a), as expected.  

In addition to modeling two distinct foam flow regimes, it is interesting to investigate what kinds 

of flow mechanisms present almost horizontal pressure contours in the low-quality regime and inclined 

pressure contours in the high-quality regime. For this discussion, it should be reminded that in this 

modeling study (i) the low-quality regime only consists of plug-flow pattern and the high-quality regime 

only consists of slug-flow pattern, because segregated-flow pattern and mist-flow pattern are not likely to 

be observed within the velocity range of interest; (ii) if plug-flow pattern is formed, there are no 

noticeable changes in foam texture. Any change in liquid flowing fraction leads to the change in the 

thickness of water film at the wall (i.e., wetter foams with thicker water film at the wall, and drier foam 

with thinner water film at the wall); and (iii) if slug-flow pattern is formed, it repeats free-gas segment 

and foam-slug segment, and the property of foam-slug segment is identical to the property of foams at the 

fg* on the same pressure contour. As described earlier, it is believed that these simplifying assumptions 

are reasonable evidenced by numerous previous studies  (Calvert and Nezhati, 1986; Kraynick, 1988; 

Kroezen et al., 1988; Princen, 1989; Enzendorfer et al., 1995; Bekkour, 1999; Rojas et al., 2001; Briceno 

and Joseph, 2003; Tisne et al., 2003; Bogdanovic et al., 2009; Gajbhiye and Kam, 2011; Edrisi et al., 

2012).  
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Figure 4.9: Reconstruction of two-flow-regime pressure-drop contours by using the model at a small (a) 

and a large (b) number of sample data points. (See Figure 3.8 for original data) 
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Figure 4.10:  A schematic of the change in foam flow mechanisms along the same contour line 

penetrating both regimes. 

 

Fig. 4.10 schematically shows a summary of what changes are expected along the same pressure 

contour, following (a), (b) and (c) in the low-quality regime, or (a’), (b’), and (c’) in the high-quality 
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regime. The two points (a) and (a’) are identical if the intersection takes place on the fg* line.  Suppose 

one walks along the same pressure contour from one end to the other by decreasing water flowing fraction 

(or, increasing fg), let’s say, from (c) to (c’) passing through (b), (a), (a’),  and (b’), then the following 

changes would be observed: (i) at first, the system would encounter the reduction in water film thickness 

at the wall within the low-quality regime (moving from (c) to (a)); (ii) if the water film at the wall could 

not be thinner any longer without maintaining the same foam texture, the system steps into the high-

quality regime ((a) to (a’)). This point, reflected by fg*, is a point at which the formation of free-gas 

segment (or, large gas pocket) is first observed; and (iii) further reduction in water flowing fraction makes 

the relative size of free-gas segment grow ((a’) to (c’)), without making any significant changes in the 

texture of foam slug.  

The conversion from (a) to (a’) across the fg* line means that the liquid layer on the pipe wall 

allowing slip boundary condition is at its minimum thickness and, as a result, the slip velocity on the fg* 

line is minimal. If the slip velocity (us) can be assumed to be zero, then the total velocity (ut) becomes 

equal to the bulk foam velocity (uf) along the fg* line as shown in Eq. 4-3. This poses two significant 

implications. First, for any data point in the low-quality regime, the slip velocity (us) can be directly 

calculated from the distance between the point of interest and fg* along the same pressure contour. This 

in turn makes it possible to determine the slip coefficient (βc) and the thickness of liquid slip layer (δ) by 

using Eqs. 4-4 and 4-5. An example calculation for the slip velocity (us) and the slip coefficient (βc) is 

shown in Figs. 4.11(a) and 4.11(b), respectively. As expected, as foam becomes drier (i.e., (c) to (a) in 

Fig. 4.10), both slip velocity and slip coefficient decrease due to the reduction in water film thickness. 

Second, for any data point in the high-quality regime, it is possible to calculate the fraction of free-gas 

segment (i.e., Lg/Lt) (or foam-slug segment, equivalently, because Lf/Lt = 1- Lg/Lt) using the distance 

between the point of interest and fg* along the same pressure contour as shown in Eq. 4-7. An example 

calculation in Fig. 4.12 shows that as the point of interest moves off the fg* line further (i.e., (a’) to (c’)), 

the relative size of free-gas segment increases sharply (or, the relative size of foam-slug segment 
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decreases sharply, equivalently). These behaviors in both flow regimes are qualitatively consistent with 

previous studies (Enzendorfer et al., 1995; Gardiner et al., 1999; Bogdanovic et al., 2009; Gajbhiye and 

Kam, 2011; Edrisi et al., 2012). 

 

 

Figure 4.11: Calculated wall slip effect along the same pressure contour lines for foams in the low-quality 

regime: (a) slip velocity (us) and (b) slip coefficient (βc). 
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Figure 4.12: Calculated relative size of free-gas segment (Lg/Lt) along the same pressure contour lines for 

foams in the high-quality regime. 

 

The calculated results in Figs. 4.11 and 4.12 may not be accurate quantitatively. Nevertheless, 

accounting for the fact that film thickness (δ), slip velocity (us), slip coefficient (βc), and relative sizes of 

foam-slug and free-gas segments (Lf/Lt and Lg/Lt) are extremely difficult to measure in laboratory foam 

flow experiments, if not impossible, this modeling method is believed to provide a convenient way of 

estimating those physical parameters once the pressure contours showing two flow regimes are available.  

To recapitulate, the new foam modeling technique presented in this study requires the following 

steps: 

1. Conduct flow experiments to establish a pressure contour plot (cf. Fig. 3.8). The plot 

needs to have both high-quality and low-quality regimes with a reasonable number of pressure contour 

lines showing shear-thinning or shear-thickening rheology. 
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2. Draw a boundary line (fg*) which separates high-quality regime from low-quality regime. 

Then draw a family of parallel straight lines in each regime to fit pressure contours obtained from 

experiments (cf. Fig. 4.3).  

3. Read a representative slope in each regime (called m1 and m2), and reconstruct individual 

pressure contour lines by using the determined slopes. Note that the y intercepts of those reconstructed 

lines are decided such that the straight line fit gives minimum errors (cf. Fig. 4.5).  

4. Make sure that the  intersection points between pairs of iso-pressure contours (one in the 

high-quality regime and the other in the low-quality regime) are aligned on a straight line with the slope 

close to fg* estimated in step 2 (cf. Fig. 4.6). If it is not the case, step 2 and step 3 should be repeated until 

this condition becomes satisfied. 

5. For those points aligned along the boundary line (fg*), construct a rheogram (shear stress 

vs. shear rate) by using pressure and total velocity. If power-law model is used as shown in this study, 

read the power-law exponent (n) and the consistency index (K) (cf. Fig. 4.7). This completes building a 

foam model with four model parameters. 

6. For demonstration purpose, one may reconstruct data points along the boundary line (fg*) 

and create straight pressure contour lines in both regimes (cf. Fig. 4.8). Pressure contours can also be re-

plotted just like the way it has been done with experimental data, if necessary (cf. Fig. 4.9). 

Once foam parameters are determined and the pressure contours are constructed with fg* line and 

a family of straight lines in each regime (cf. Fig. 4.8), a steady-state pressure at any particular gas and 

liquid velocities within the domain can be decided by following the representative slope and finding the 

intersection with the fg* line (cf. Fig. 4.6). 
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CHAPTER 5: USE OF NEW FOAM MODELING TECHNIQUE IN DRILLING 

HYDRAULICS 

In this chapter, the two foam-flow regimes modeling technique is applied into foam drilling 

hydraulics calculations and the results are compared with conventional method. The goal of this section is 

to demonstrate how this new modeling technique can improve the design of foam drilling processes more 

reliably, by using quantitative analysis. 

5.1 Methods 

As a reference, this study uses Chen et al.’s study (2009), which thoroughly investigates foam 

drilling hydraulics with foam rheology modeled by empirical equations based on fine-textured foams 

showing only low-quality regime (more details following in the next section). Considering vertical, 

inclined, and horizontal well trajectories, Chen et al. (2009) uses power- law model as follows: 

   𝜏𝑤 = 𝐾 �̇�𝑤
𝑛          (5-1) 

where τw and �̇�w are the wall shear stress and wall shear rate. The consistency index (K) and the 

power-law exponent (n) are defined as 

  and      (5-2) 

  ,      (5-3) 

where, fg is foam quality and µw is viscosity of liquid solution.  Three empirical parameters (a, b, 

and, c) are functions of liquid viscosity (µw) such as 

 ,     (5-4) 

𝐾 = 𝜇𝑤  (𝑒𝑎fg
2+𝑏fg+𝑐)  

n= -0.45fg +0.7633 

𝑎 = (−0.533𝜇𝑤
2 + 3.6735𝜇𝑤 − 13.546) 



61 

 

 , and     (5-5) 

  .    (5-6) 

Note that foam quality, which is means gas fraction, is defined as follows: 

𝑓𝑔 =
𝑄𝑔

𝑄𝑡
=

𝑄𝑔

𝑄𝑤+𝑄𝑔
=

𝑢𝑔

𝑢𝑡
=

𝑢𝑔

𝑢𝑤+𝑢𝑔
        (5-7) 

For a measured pressure drop ΔP (psi) over the length of L (ft) in a pipe with inner diameter of 

dpin (inch) during the injection rate of ut (ft/sec), 𝜏𝑤  (lbf/ft2) and �̇�w (1/sec) in Eq (5-1) are expressed by 

𝜏𝑤 = 3 𝑑𝑝𝑖𝑛  
∆𝑃

𝐿
  and        (5-8) 

�̇�𝑤 = 96 
𝑢𝑡

𝑑𝑝𝑖𝑛
  .        (5-9) 

For the annulus with inner diameter of dann (inch) and a pipe with outside diameter of dpout (inch), 

Eq (5-8) and Eq (5-9) can be modified as 

𝜏𝑤 = 3 (𝑑𝑎𝑛𝑛 − 𝑑𝑝𝑜𝑢𝑡) 
∆𝑃

𝐿
   and      (5-10) 

�̇�𝑤 = 144 
𝑢𝑡

( 𝑑𝑎𝑛𝑛−𝑑𝑝𝑜𝑢𝑡)
   .      (5-11) 

 For foam drilling hydraulics calculations, this study uses a technique called pressure 

traverse calculation, widely used in petroleum production and drilling engineering. The calculation starts 

from the node (eg. inlet) where the pressure (P) value is given (or assumed to be given), and then 

determines the total pressure gradient ((
∆𝑃

∆𝑧
)𝑡𝑜𝑡) at given total mass rate of foam mixture (mt), which 

consists of gas mass rate (mg) and liquid mass rate (mw) (i.e., mt = mg + mw), by adding up hydrostatic 

𝑏 = (0.8926𝜇𝑤
2 − 6.5877𝜇𝑤 + 29.966) 

𝑐 = (−0.3435𝜇𝑤
2 + 2.5273𝜇𝑤 − 14.218) 
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pressure gradient ((
∆𝑃

∆𝑧
)𝑒𝑙𝑒), acceleration/deceleration pressure gradient ((

∆𝑃

∆𝑧
)𝑎𝑐𝑐), and frictional pressure 

gradient ((
∆𝑃

∆𝑧
)𝑓𝑟𝑖), before moving on to the next node. The calculation is continued until it reaches the last 

node, and if the pressure at the last node is specified as an input (eg., backpressure (Pb) given),  the entire 

calculation should be repeated by assuming a new pressure at the first node to satisfy the Pb given. 

Because the gas phase in the foam mixture is compressible, this algorithm requires calculations of gas 

compressibility factor (or, commonly called Z factor) by using Equation of State (EOS). Details about 

equations and procedures are included in Appendix 1, and further knowledge on the pressure traverse 

calculation can be found elsewhere (Economides et al., 1994).      

Table 5.1: Input data for foam hydraulics calculation 

Parameters Description Values 

μ
w
 Liquid Viscosity (cp) 1 

ρ
w
 Liquid Density (lbm/ft3) 62.4 

M
g
 Gas Molecular Weight (lbm/lbmol) 28.9 

Q
w
 Inlet Liquid Rate (gpm) 40 

Q
g
 Inlet Gas Rate (scfm) 1200 

ΔT/Δz Temperature Gradient (˚F/100ft) 1.5 

T
sur

 Inlet Temperature (˚F) 80 

P
b
 Outlet Back Pressure (psia) 100 

n
noz

 Number of Nozzles 3 

d
noz

 Diameter of Nozzles (inch) 13/32 

TVD True Vertical Depth (ft) 10000 

 

For foam drilling hydraulics in this study, the following assumptions are made for simplicity.  

1. Steady-state and isothermal flow condition in each node 

2. No effect of cuttings on pressure losses and density of fluid 
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3. Fluid temperature same as the wellbore temperature at each node 

4. Continued drill pipe string with no tool joints and no pipe rotation 

5. Circular wellbore diameter with concentric drill string 

6. No lost circulation or formation influx 

A schematic of well configuration and input parameters are shown in Fig. 5.1 and Table 5.1 

respectively. 

 

Figure 5.1: A schematic of the well configuration used in this study. 

 

5.2 Results and Discussions 

The results of this study are presented in the following three major steps: (i) creating a foam 

hydraulics simulator (Base Case) and comparing the results with Chen et al.’s study (2009) for model 

verification (note that existing empirical equations for fine-textured foams exhibits only low-quality 
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regime); (ii) improving the foam hydraulics simulator with both high-quality and low-quality regimes, 

assuming that foams inside drill string and outside in the annulus have the same fg* (fg* = 85%) (Case 1); 

and (iii) updating the foam hydraulics simulator with both regimes, assuming that foams inside drill string 

and outside in the annulus have different fg* values (fg* = 85% in the drill pipe and fg* = 75% in the 

annulus) (Case 2). Although this study does not account for fluid intrusion from the formation at this 

stage, the reduction of fg* in the annulus seems to be more realistic because formation fluids, such as 

brine and oil, tend to destabilize foams and thus lower fg* evidently.  

 

Figure 5.2: Base Case pressure contours in a wide range of gas and liquid velocities by using empirical 

equations from Chen et al. (2009) showing only low-quality regime: (a) foam inside drill pipe and (b) 

foam in the annulus.  

 

Base Case calculation requires a construction of two flow regime map. Fig. 5.2 shows foam 

rheology plotted in a form of pressure contours by using empirical equations given by Chen et al. (2009) 

for foams inside drill pipe and in the annulus. As expected, the contours show only low-quality regime 

because the empirical equations deal with fine-textured homogeneous foam mixture. The symbols 

represent actual values calculated, and each line represents the best-fit straight line for that particular 

pressure gradient (ranging from 0.01 to 0.08 psi/ft) shown. Fig. 5.3 shows how the Base Case calculation 
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carried out by this study can be contrasted with Chen et al.’s case of aqueous foams (i.e., the thick line in 

Fig. 5.3(a)). There is good agreement between the two cases. 

 

Figure 5.3: Comparison between (a) Chen et al. (2009) and (b) Base case of this study; the aqueous foam 

case in (a) is reproduced successfully by the hydraulics model developed in this study.  

 

Case 1 calculation requires pressure contours showing both high-quality and low-quality regimes. 

Because Chen et al. (2009) provides foam-rheology empirical equations only for the low-quality regime, 

this study borrows foam rheological properties in the high-quality regime from Edrisi et al. (2013) where 

0.5 wt % Stepanform surfactant solution was injected with nitrogen. Figs. 5.4(a) and 5.4(b) show the 

resulting two flow regime maps for foams inside drill pipe and in the annulus, respectively, with fg* value 

of 85%.  Note that the pressure contours in the low-quality regime in Figs. 5.4(a) and 5.4(b) are identical 

to those in Fig. 5.5(a) and 5.5(b), respectively. Following the technique presented by Edrisi and Kam 

(2013), the representative slopes of pressure contours in the high-quality and low-quality regimes are 90.0 

(i.e., m1 = 90.0) and 2.74 (i.e., m2 = 2.74) within drill pipe. Similarly, the representative slopes of pressure 

contours in the high-quality and low-quality regimes are 90.0 (i.e., m1 = 90.0) and 2.24 (i.e., m2 = 2.24) in 

the annulus.  
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For the data points along the fg* line marked by black dots in Figs. 5.4(a) and 5.4(b), the 

corresponding rheograms are constructed with shear stress (τw) and shear rate (�̇�w) (cf. Eqs. 5-8 through 5-

11), as shown in Figs. 5.5(a) and 5.5(b). From the best-fit equations, the consistency index (K) and the 

power-law exponent (n) are determined to be 0.0614 and 0.411 inside drill pipe and 0.0724 and 0.366 in 

the annulus, respectively. Putting Fig. 5.4 and Fig. 5.5 together, the four foam model parameters to 

capture two flow regimes are decided. 

 

Figure 5.4: Case 1 pressure contours by using Chen et al. (2009) and Edrisi et al. (2013) at fg
*= 85%; (a) 

inside drill pipe and (b) inside annulus. 

 

Figs. 5.6(a) and 5.6(b) show the two flow regime map and rheogram for foams in the annulus in 

Case 2 where the fg* value of 75 % is used. The representative slopes of pressure contours in the high-

quality and low-quality regimes are 90.0 (i.e., m1 = 90.0) and 1.84 (i.e., m2 = 1.84) in the annulus. Foam 

rheology within drill pipe in Case 2 is identical to that in Case 1 as shown in Figs. 5.4(a) and 5.5(a).  
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Figure 5.5: Case 1 constructed rheograms (shear stress τw vs. shear rate �̇�𝑤) for foams along fg
* line; (a) 

inside drill pipe and (b) inside annulus. 

 

 

Figure 5.6: Case 2 (a) pressure contour and (b) rheogram in the annulus where fg
* = 75% (foam rheology 

within drill pipe is identical to Case 1 as shown in Fig 5.4 (a) and Fig 5.5 (a)) 

 

In order to compare Base Case with Case 1 and Case 2, foam drilling calculation with input 

conditions specified in Table 5.1 are conducted for a well depicted in Fig. 5.1. The case of interest can be 

briefly summarized as follows: a vertical well with 10,000 ft , back pressure (pb) of 100 psi, and gas and 
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liquid rates of 1200 scfm (standard cubic feet per minute) and 40 gpm (gallon per minute) at the inlet. 

Because there is not any sinks nor any sources present in the discussed cases in this study (No formation 

influx or lost circulation), foam quality of 97% at Pb can be calculated for these specific input parameters.  

 

Figure 5.7: Comparison of Base Case, Case 1 and Case 2 in term of pressure along the well. (see Fig. 5.1 

and Table 5.1 for more details) 

 

Figs. 5.7 and 5.8 show the comparison in terms of pressure (P) and foam quality (fg), respectively, 

as a function of vertical depth (z) (the pressure profile of the Base Case is identical to that in Fig. 5.3(b)). 

In all three cases, the pressure at the last node are the same as pre-specified back pressure (Pb = 100 psi, 

as expected. Note that for both Case 1 and Case 2, open marks represent foams in the high-quality regime 

while filled marks represent foams in the low-quality regime (Because Base Case deals with foams in the 

low-quality regime only, the results consist of all filled marks).  

The calculations show the following results: Case 1 with fg* of 85 % inside drillpipe and in the 

annulus exhibits only low-quality regime inside drillpipe and both high-quality and low-quality regimes 
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in the annulus (fg* around vertical depth (z) = 5500 ft); and Case 2 with fg* of 85% inside drillpipe and 

fg* of 75%  in the annulus exhibits both regimes inside drillpipe (fg* around z = 3500 ft) and only high-

quality regime in the annulus. Such a dramatic change is caused by the implementation of two flow 

regimes (more precisely, implementation of foam rheology in the high-quality regime) which impacts 

calculation of frictional pressure loss. Comparing the maximum pressure values at the bottomhole (1340 

psia, 1285 psia, and 890 psia of Base Case, Case1, and Case 2 respectively), Case 1 and Case 2 have more 

than 4 % and 34 % deviation from the Base Case. This deviation is also found in terms of calculated inlet 

pressures, as much as17 % and 28 % for Case 1 and Case 2, respectively, compared with Base Case.  

 

Figure 5.8: Comparison of Base Case, Case 1 and Case 2 in term of foam quality along the well. (see Fig. 

5.1 and Table 5.1 for more details) 

 

Similarly, when the foam quality at the bottomhole is compared (77 %, 74 %, and 81 % of Base Case, 

Case1, and Case 2 respectively), as much as 4 % and 5 % deviations from the Base Case are observed for 

Case 1 and Case 2 respectively. These results clearly show that, without both regimes accounted for, foam 
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drilling hydraulics calculations cannot be carried out reliably, and the amount of error associated becomes 

more significant as fg* value becomes lower (or, as the high-quality regime becomes more pronounced 

during the process, equivalently).  

Corresponding changes in mud density (i.e., density of foam mixture), total velocity, and total 

pressure gradient as a function of depth are also plotted in Figs. 5.9 through 5.11, again with open marks 

for the high-quality regime and filled marks for the low-quality regime. Compared with Base Case, Case 

1 and Case 2 have 11% and 19% deviations in terms of density, 11% and 23% deviations in terms of total 

velocity, and 11% and 16% deviations in terms of total pressure gradient at the bottomhole condition. In 

all these plots, larger difference is between Base Case and Case 2 due to lower fg* value of 75% 

compared to Case 1 (fg* = 85%).  This is consistent with the findings in Figs. 5.7 and 5.8, that is, as the 

high-quality regime dominates more in the annulus, the accuracy of the traditional drilling hydraulics 

calculations based on empirical foam rheology correlations becomes reduced further. 

 

Figure 5.9: Comparison of Base Case, Case 1 and Case 2 in term of density of foam mixture along the 

well. (see Fig. 5.1 and Table 5.1 for more details) 
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Figure 5.10: Comparison of Base Case, Case 1 and Case 2 in term of foam total velocity along the well. 

(see Fig. 5.1 and Table 5.1 for more details) 

 

 

Figure 5.11: Comparison of Base Case, Case 1 and Case 2 in term of total pressure gradient along the 

well. (see Fig. 5.1 and Table 5.1 for more details)  
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CHAPTER 6: ADDITIONAL DISCUSSIONS 

This chapter provides additional information related to the subjects investigated in earlier 

chapters.  More specifically, included below are the effect of surfactant and polymer on interfacial 

tension, the use of dimensionless capillary number for two flow regime plot compared to those plots with 

pressure gradient and foam viscosity, and the extension of the four-parameter foam model into the cases 

with oil and polymer.  

6.1 Surface tension measurement of surfactant polymer solutions 

The experimental study in Chapter 3 with surfactant and polymer chemicals needs measurements 

of interfacial tension as an indirect indicator for foamability and foam stability. This is performed by 

pendant drop method in which the shape of a droplet is analyzed to estimate surface tension. Figure 6.1 

shows pictures of drops taken from the experiments. Each reported value of surface tension and density in 

Table 1 is from the average of three separate measurements.  Fig 6.2 shows how surface tension changes 

as a function of surfactant concentration in the surfactant solution. The critical micelle concentration 

(CMC) appears to be around 0.3 wt% beyond which the interfacial tension does not seem to vary 

significantly. 

 

Figure 6.1: Pictures taken from surface tension measurements: (A) deionized water; (B) 0.5 wt% 

Stepanform surfactant solution; and (C) 0.5 wt% liquid guar CM in 0.5 wt% Stepanform solution. 
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Table 6.1: Surface tension and density measurements of Stepanform 1050 surfactant solutions 

Concentration 

(wt% of Stepanform 1050) 

Density 

(g/cm3) 

Surface Tension 

(mN/m) 

0 0.9974 74.62 

0.1 0.9975 55.99 

0.3 0.9977 39.19 

0.5 0.9978 37.88 

1 0.9982 37.07 

 

 

Figure 6.2: Surface tension measurement as a function of surfactant concentration wt% of Stepanform 

1050 in deionized water) with no polymer. 

 

Figs. 6.3 and 6.4 show the effect of polymer or surfactant concentration on surface tension 

measurements, more precisely, the effect of polymer concentration at 0.5 wt% Stepanform surfactant 

solution (Fig. 6.3) and the effect of surfactant concentration at 0.5 wt% Liquid Guar CM polymer solution 

(Fig. 6.4). The results show that   the polymer concentration does not seem to affect the surface tension of 

the solution, while surfactant concentration does impact the surface tension significantly just like the case 

without polymer (Fig. 6.2). 
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Figure 6.3: Surface tension measurement as a function of polymer concentration (0.5 wt% Stepanform 

1050 solution). 

 

 

Figure 6.4: Surface tension measurement as a function of surfactant concentration (0.5 wt% Liquid Guar 

CM solution). 

 

6.2 Use of dimensionless numbers for two flow regime map 

Dimensionless capillary number is a concept popular to understand how non-wetting phase is 

trapped by capillary force in a pore network where wetting phase is introduced. Applying a similar 

concept of using dimensionless variable may have additional benefits for foam flow in pipes. 

Dimensionless capillary number (Nca) can be expressed as follows in terms of fluid viscosity (µ), velocity 

(u), and interfacial tension () (Kraynik, 1988): 
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𝑵𝒄𝒂 =  
𝝁𝒖

𝝈
           (6-1) 

This implies that the translation from pressure data to dimensionless capillary number requires 

apparent foam viscosity (μapp), which can be calculated using definitions of wall shear stress (τw) and wall 

shear rate (γw) [See Eqs.s (3-3) through (3-5) in Chapter 3 for more information].  

 

Figure 6.5: Translation of (a) pressure contours (psi) into (b) apparent foam viscosity (centipoise) 

contours. 

 

Fig. 6.5 show one example showing how to convert pressure contours into foam viscosity 

contours. The plot is somewhat distorted because of nonlinear relationship between foam viscosity and 

pressure drop through injecting gas and liquid velocities and resulting bubble size distributions. Note that 

Fig. 6.5 is no other than Fig. 3.8 in Chapter 3. 

Fig. 6.6 shows the translation into dimensionless capillary number by using pressure and foam 

viscosity contours in Fig. 6.5. As expected, the general trend is very similar to the pressure contours 

because the definition of dimensionless capillary number has foam viscosity as one of the scaling factors 

(cf. Eq. (6.1)), even though the magnitude is altered. Using the same approach one can produce contour 
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plots for dimensionless Reynolds number (Re) and Froude number (Fr) by using equations 6-2 and 6-3 

(Darby, 2001) as shown in Fig. 6.7. Figure 6.8 shows the changes in these dimensionless numbers during 

drilling hydraulics calculations along the example cases discussed in chapter 5. 

𝑅𝑒 =  
𝜌𝑣𝐷

𝜇
          (6-2) 

𝐹𝑟 =  
𝑣

√𝑔𝐷
          (6-3) 

 
Figure 6.6: Translation into dimensionless capillary number contours.   

 

 

Figure 6.7: Translation of pressure contours into (a) Reynolds number and (b) Froude Number. 
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Figure 6.8: Comparison of Base Case, Case 1 and Case 2 in terms of dimensionless numbers along the 

well. (see Fig. 5.1 and Table 5.1 for more details) 
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6.3 Extension of two foam-flow regimes model into other cases 

The new foam model introduced in this study, demonstrated with experimental data with 

surfactant foams in 0.38 inch ID (Chapter 4), can ideally be applied to a wide range of experimental 

conditions. Three examples are shown below.   

6.3.1 Surfactant foams with oil 

Fig. 6.7 shows pressure contours for surfactant foams and oil (i.e., 0.5 wt% Stepanform 1050 

surfactant solution and 0.5 ccm n-Decane; the same as Fig. 3.11). Fig. 6.8 is the reconstructed contours by 

using a small and a large number of sample data points (Fig. 6.8(a) and Fig. 6.8(b), respectively), both of 

which are in good agreement with the original plot in Fig. 6.7. 

 

Figure 6.7: Pressure-drop contours for surfactant foams and oil.   
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Figure 6.8: Reconstruction of two-flow-regime pressure contours for surfactant foams and oil.  

 

6.3.2 Surfactant foams with polymer 

Fig. 6.9 shows pressure contours for surfactant foams with polymer (the same as Fig. 3.16x) 

followed by the reconstructed contours showing good agreement.  

 

Figure 6.9: Original (a) and reconstructed (b) pressure contours for polymer-added surfactant foams.  
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6.3.3 Surfactant foams for a larger pipe diameter 

Fig. 6.10 shows pressure contours from Bogdanovic et al. (2009) with 1 wt% Cedepal FA-406 in 

a 12 ft long 1 inch NPS stainless steel pipe. The reconstructed plot is in good agreement with original 

data. 

 

Figure 6.10: Original (a) and reconstructed (b) pressure contours (1 wt% Cedepal FA-406 surfactant 

solution  in 12 ft length 1 inch NPS stainless steel horizental pipe).  
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

This study consists of three major parts: (1) experimental investigation of foam rheology in pipes 

(Chapter 3); (2) building up of a new foam model consistent with lab-measured experimental data 

(Chapter 4); and (3) the application of the model in drilling hydraulics modeling and simulation (Chapter 

5). The followings show detailed conclusions based on three different components of the study. 

7.1.1 Two Foam-Flow Regimes in Presence of Oil and Polymer (Part 1) 

A series of foam flow experiments were carried out in horizontal pipes in order to investigate 

foam flow characteristics by using Stepanform surfactant, Liquid Guar CM polymer, and decane oil. 

Major conclusions of this study can be summarized as follows:   

1. In all three different types of experiments (surfactant foams, surfactant foams with oil 

flowing together, and polymer-added surfactant foams), the presence of both high-quality and low-quality 

regimes were observed consistently. This finding was evidenced by two distinct pressure contours (i.e., 

almost horizontal slope in the low-quality regime and finite slope in the high-quality regime) as well as 

bubble-size distribution and foam flow patterns. 

2. The experiments with polymer-free surfactant foams showed that the low-quality regime 

consisted of segregated and plug flow patterns, while the high-quality regime consisted of slug and mist 

flow patterns. The experiments with polymer-added surfactant foams showed that there existed a chaotic 

transition region between slug and plug flow patterns in which the pressure response and flow pattern did 

not converge. This chaotic transition region with dramatic changes in foam flow characteristics seemed to 

be because of viscosity increase with polymers, which resulted from not only reduced bubble creation 

even at high shear stress, but also slow water transport through foam films reducing bubble coalescence. 

Irrespective of the presence of polymers, though, a single foam model capturing both high-quality and 
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low-quality regimes was believed to be used consistently. 

3. The presence of oil impacted the stability of surfactant foams negatively. This led to a 

reduction in steady-state pressure drop as well as easier transition from plug flow to slug flow patterns. 

The effect of oil on polymer-added surfactant foams was expected to be material specific. This implied 

that even a small quantity of oil intruding from the formation during underbalanced foam drilling might 

have a non-negligible effect on foam drilling hydraulics.  

4. Preparation of polymer solutions at high shear rate should be performed carefully in order 

to obtain polymer solutions with reproducible viscosity and with long-term stability. It is because the 

rheology of polymer solutions was very sensitive to the way how they were prepared. 

7.1.2 Modeling Foam Flow in Pipes Using Two Foam-Flow Regimes Concept (Part 2) 

This study has established a new foam modeling technique in order to fit experimental data 

exhibiting two foam-flow regimes. Because of a wider range of gas and liquid velocities it covers, this 

improved foam modeling technique potentially can help optimize many foam-associated field 

applications, such as tight-gas and shale-gas fracturing, foam drilling, cutting transport, and liquid 

unloading. The major outcomes of this study can be summarized as follows:   

1. This new improved foam modeling technique is comprehensive so that it can cover foam 

rheological behaviors in a wide range of gas velocity (ug) and liquid velocity (uw), encompassing both 

slug-flow pattern in the high-quality regime and plug-flow pattern in the low-quality regime. The model 

successfully reproduces two distinct pressure contours – almost horizontal pressure contours in the low-

quality regime and inclined pressure contours in the high-quality regime.  

2. If the (ug, uw) flowing condition falls on the boundary between the high-quality and low-

quality regimes (or, on the fg* line equivalently), the corresponding pressure drop can be calculated 

directly from the foam rheology model. If the flowing condition is off the fg* line and resides either in the 

high-quality or low-quality regime, the corresponding pressure drop can be calculated from both (i) foam 
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rheology model along the fg* line and (ii) slopes representing foam characteristics in each regime. 

3. For foams in the low-quality regime showing plug-flow pattern with a homogenous fine-

textured mixture, the model shows that the level of wall slip (represented by slip velocity and slip 

coefficient) is a key to understand foam rheology. This new model and previous studies agree well in that 

the wall slip increases, as foam becomes wetter and thus water film thickness at the wall increases.  

4. For foams in the high-quality regime showing slug-flow pattern with repeating free-gas 

and foam-slug segments, the relative size of these two segments is a key to understand foam rheology. 

The model shows that the relative size of free-gas segment increases rapidly as foam becomes drier and 

moves off from the fg* line, which is consistent with observations from previous visualization studies. 

7.1.3 Use of New Foam Modeling Technique in Drilling Hydraulics (Part 3) 

For the first time, this study incorporates the new concept of “two foam-flow regimes” into 

drilling hydraulics calculations, dealing with both high-quality and low-quality regimes separated by a 

threshold foam quality (fg*). Three different cases investigated are as follows: Base Case with only low-

quality regime based on existing empirical foam rheology correlations, Case 1 with both high-quality and 

low-quality regimes with fg* = 85 %, and Case 2 with both regimes with fg* = 85 % within drillpipe and 

fg* = 75 % in the annuls. The results show that a reliable design and evaluation of foam drilling process 

cannot be achieved without taking both regimes into consideration.  

More precisely, for the example of a vertical well with total depth of 10,000 ft, back pressure of 

100 psia, and outlet foam quality of 97% selected in this study, Case 1 and Case 2 show 4 % and 34 % 

deviations in terms of pressure, 11 % and 19 % deviations in terms of foam density, and 11 % and 23 % 

deviations in terms of foam velocity at the bottomhole conditions and 17 % and 28 % deviations in terms 

of inlet pressure.  
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7.2 Recommendations and Future Directions 

Following suggestions can be made as the future directions based on the experiences gained by 

this study. 

1. This study used a limited number of surfactant and polymer formulations: two surfactants 

(Stepanform 1050 and Cedepal FA-406)  (both anionic surfactants)  at the concentration ranging from 0.1 

to 0.5 wt% and only one polymer solution (Liguid Guar CM) at one concentration of 0.5 wt % mixed with 

surfactant solutions. In addition, there is also one type of oil (n-Decane) applied at one oil injection rate 

(0.5 ccm). Because the two foam-flow regimes concept modeled in this study has not been verified 

beyond the ranges of chemicals, concentrations and flow rates, further laboratory experiments are 

required in these conditions to collect more experimental evidence. How the theory and modeling 

technique deviate in presence of solids is also of great interest in cutting transport during drilling and in 

proppant delivery during fracturing.  

2. Although the boundary between the low-quality and high-quality regimes (fg*) is 

approximated by a straight line in pressure contour plots in this study, the exact trend may not be the case 

(showing a slightly concave trend). In addition, the pressure contours in the high-quality regime, modeled 

by a family of straight lines, seem to be curved downward somewhat. Although the model proposed in 

this study uses only four foam model parameters to capture the linear fg* line and linear  pressure 

contours in both regimes, one may sacrifice the “simplicity” of the model to capture more detailed 

responses observed in the experiments. More experimental data to investigate these behaviors should be 

collected in parallel with updating the model with model parameters more than four. Furthermore, this 

study uses power-law model for foam rheology. The choice of Bingham plastic model may make more 

sense for some applications dealing with laminar flow conditions. 

3. The insight on how to make this model “predictive” seems an interesting topic to visit. 

This issue is related to the practical use of the model, i.e., how to take advantage of the model to go from 

one case to another by minimizing the number of experiments to be conducted. Using the framework 
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established in this study, one requires enough experimental data to determine four model parameters 

together with fg*. The minimal level would be the number of data points to draw two pressure contours so 

that one can extract foam rheology (n and K in this study), two slopes (m1 and m2), and the boundary 

between the regimes (fg*). For foam applications in which the transient behavior is important, developing 

a “predictive” model using mechanistic approaches and interpreting the results with dimensionless 

numbers may play a key role in the optimal design, which remains as a future research topic. Upscaling 

the model for a bigger system, especially where the pipe radius is larger, would be an interesting future 

research topic.   

4. This study presented how to extract model parameters consistent with two foam-flow 

regimes concept, but the model parameter values may vary significantly, depending on actual applications 

of interest. A wide range of flow conditions in these applications may include, but not limited to, different 

chemical additives (viscosity modifiers, lubricants, corrosion inhibitors, etc.), shear rates,  conduit shapes 

and sizes (slits, pipes, annulus, etc.), conduit materials, presence of solid particles and , if so, types and 

sizes of solids, and so on.   

5. The model in its current form only concerns the rheological properties of foam itself, not 

accounting for additional mechanisms associated with various foam field applications. For example, 

foam-assisted liquid unloading process requires an understanding of foam rheology as well as foam’s 

ability to displace liquid on top of foams in a deep vertical well. Another example is hole cleaning process 

in a long horizontal well where foam rheology is commingled with foam’s capability of delivering rock 

cuttings. Such application-specific characteristics obviously impose additional research challenges on the 

top of rheological properties of foams in pipe as shown in this study.  

6. The example of using foams in drilling process as shown in this study may not be 

complicated enough at this stage to be applied in actual foam drilling hydraulics calculations, because it 

does not account for interactions between foams and drilling muds/rock cuttings, foam rheology in 

narrow annular spaces, interaction between foams and formation fluids, and so on. Extension of foam 
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drilling into Managed Pressure Drilling and Dual-Gradient Drilling in the future can be an important step 

for deepwater drilling technique.   
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APPENDIX 1: FOAM DRILLING HYDRAULICS CALCULATIONS 

Following steps and equations are used to calculate foam drilling hydraulics in this study. Notice 

that wellbore is divided into three sections such as inside drillpipe, across drill bit, and in the annulus.  

Inside drill pipe: 

1.  Read input parameters and the pressure at the first node (P = P1 = Pin)  

2. Calculate gas compressibility (Z) using Dranchuk and Abou-Kassem EOS equation (1975).  

𝑍 = 1 +  𝑐1𝜌𝑟 + 𝑐2𝜌𝑟
2 + 𝑐3𝜌𝑟

5 + 𝑐4        (A1) 

𝜌𝑟 = 0.27 
𝑃𝑟

𝑍 𝑇𝑟
           (A2) 

𝑐1  =  𝐴1  +  
𝐴2

𝑇𝑟
  + 

𝐴3

𝑇𝑟
3   + 

𝐴4

𝑇𝑟
4    + 

𝐴5

𝑇𝑟
5         (A3) 

𝑐2  =  𝐴6  +  
𝐴7

𝑇𝑟
  +  

𝐴8

𝑇𝑟
2             (A4) 

𝑐3  =  𝐴9( 
𝐴7

𝑇𝑟
  + 

𝐴8

𝑇𝑟
2 )            (A5) 

𝑐4  =  𝐴10(1 + 𝐴11 𝜌𝑟
2) (

𝜌𝑟
2

𝑇𝑟
3) 𝐸𝑥𝑝(−𝐴11 𝜌𝑟

2)        (A6) 

A1 = 0.3265; A2 = -1.07; A3 = -0.5339; A4 = 0.01569; A5 = -0.05165; A6 = 0.5475; A7 = -0.7361;  

A8 = 0.1844; A9 = 0.1056; A10 = 0.6134; A11 = 0.721 

𝑃𝑟 =
𝑃

𝑃𝑝𝑐
           (A7) 
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𝑇𝑟 =
𝑇+460

𝑇𝑝𝑐
            (A8) 

𝑃𝑝𝑐 = 756.8 −  131 𝑆𝐺 −  3.6 𝑆𝐺2        (A9) 

𝑇𝑝𝑐 = 69.2 +  349.5 𝑆𝐺 −  74 𝑆𝐺2        (A10) 

3. Calculate gas rate (Qg) and gas density (ρg) using inputs including gas specific gravity (SG).  

𝑄𝑔 =
𝑃𝑠𝑐 𝑄𝑔𝑠𝑐 𝑍 (𝑇+460)

𝑃 𝑍𝑠𝑐 (𝑇𝑠𝑐+460)
         (A11) 

𝜌𝑔 =  
28.97 𝑆𝐺 𝑃

10.732 𝑍 (𝑇+460)
         (A12) 

4. Calculate gas mass rate (mg), liquid mass rate (mw), and total mass rate (mt).   

𝑚𝑔 = 𝑄𝑔 𝜌𝑔            (A13) 

𝑚𝑤 = 𝑄𝑤  𝜌𝑤          (A14) 

𝑚𝑡 = 𝑚𝑔 +  𝑚𝑤          (A15) 

5. Calculate foam density (ρf). 

𝜌𝑓 =  
𝑚𝑡

𝑄𝑔+𝑄𝑤
          (A16) 

6. Calculate foam quality (fg). 

𝑓𝑔 =
𝑄𝑔

𝑄𝑡
=

𝑄𝑔

𝑄𝑔+ 𝑄𝑤
          (A17) 
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7. Calculate hydrostatic pressure gradient ((
∆𝑝

∆𝑧
)𝑒𝑙𝑒) over the segment length of Δz with the inclination 

angle, 𝜃. 

(
∆𝑝

∆𝑧
)𝑒𝑙𝑒 = 0.052 𝜌𝑓 cos (

𝜋𝜃

180
)         (A18) 

8. Calculate total flow rate (Qt) and total velocity (ut) when the inner diameter of drillpipe is dpin.  

𝑄𝑡 =  
𝑚𝑡

𝜌𝑓
           (A19) 

𝑢𝑡 =  
𝑄𝑡

2.448 𝑑𝑝𝑖𝑛
2           (A20) 

9. Calculate acceleration pressure gradient ((
∆𝑝

∆𝑧
)𝑎𝑐𝑐) over the length segment of Δz if the total velocity 

changes from ut1 to ut2. 

(
∆𝑝

∆𝑧
)𝑎𝑐𝑐 =

0.0008074 𝜌𝑓 (𝑢𝑡1
2 −𝑢𝑡2

2 )

∆𝑧
        (A21) 

10. Determine consistency index (K) and power-law exponent (n) by using which regime the flow 

condition falls into. Then calculate Reynolds number, NRe (Bourgoyne Jr. et al, 1986). If NRe<2100 it is 

Laminar flow, otherwise it is considered as turbulent flow. 

𝑁𝑅𝑒 =
89100 𝜌𝑓 𝑢𝑡

2−𝑛

𝐾
(

0.0416 𝑑𝑝𝑖𝑛

3+
1

𝑛

)𝑛        (A22) 

11. Calculate frictional pressure gradient ((
∆𝑝

∆𝑧
)𝑓𝑟𝑖) over the length segment of Δz 

(
∆𝑝

∆𝑧
)

𝑓𝑟𝑖
=

𝐾 𝑢𝑡
𝑛

144000 𝑑𝑝𝑖𝑛
1+𝑛 (

3+
1

𝑛

0.0416
)𝑛  , if laminar flow     (A23) 

(
∆𝑝

∆𝑧
)

𝑓𝑟𝑖
=

𝑓 𝜌𝑓 𝑢𝑡
2

25.8 𝑑𝑝𝑖𝑛
   , if turbulent      (A24) 
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Where friction factor (f) can be approximated by following equation (Jain, 1976) 

1

√𝑓
= 1.14 − 2log (𝜀 +

21.25

𝑁𝑅𝑒
0.9 )         (A25) 

12. Calculate total pressure gradient ((
∆𝑝

∆𝑧
)𝑡𝑜𝑡) over the length segment (Δz). 

(
∆𝑝

∆𝑧
)𝑡𝑜𝑡 = −(

∆𝑝

∆𝑧
)𝑒𝑙𝑒 + (

∆𝑝

∆𝑧
)𝑎𝑐𝑐 + (

∆𝑝

∆𝑧
)𝑓𝑟𝑖       (A26) 

13. Calculate the pressure in the 2nd node.  

𝑃2 = 𝑃1 + (
∆𝑝

∆𝑧
)𝑡𝑜𝑡 × ∆𝑧         (A27) 

14. Repeat steps 1 through 13 for the next node until the calculation reaches drill bit ((N+1)th node). 

At drill bit: 

1. Calculate pressure drop at the drill bit (ΔPbit) using total nozzle cross-sectional area (At) 

∆𝑃𝑏𝑖𝑡 =
8.311×10−5𝜌𝑓 𝑄𝑡

2

0.95 𝐴𝑡
2          (A28) 

2. Calculate the bottomhole pressure (Pbottom =  𝑃𝑁+2)   

𝑃𝑏𝑜𝑡𝑡𝑜𝑚 = 𝑃𝑁+2 = 𝑃 − ∆𝑝𝑏𝑖𝑡        (A29) 

In the annulus: 

Use Pbottom = PN+2 as the pressure in the first node in the annulus and repeat the same procedures as 

described in the drillpipe. Note the use of the following equations in the case of foams in the annulus. 

Foam velocity (ut) by using the outer pipe diameter (dpout) and inner casing diameter (dann)  
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𝑢𝑡 =  
𝑄𝑡

2.448 (𝑑𝑎𝑛𝑛
2 −𝑑𝑝𝑜𝑢𝑡

2  )
 replacing Eq. A20;       (A30) 

Reynolds Number 

𝑁𝑅𝑒 =
109000 𝜌𝑓 𝑢𝑡

2−𝑛

𝐾
(

0.0208 (𝑑𝑎𝑛𝑛− 𝑑𝑝𝑜𝑢𝑡)

2+
1

𝑛

)𝑛 replacing Eq. A22;     (A31) 

Friction pressure gradient ((
∆𝑝

∆𝑧
)𝑓𝑟𝑖) over the segment length of Δz 

(
∆𝑝

∆𝑧
)

𝑓𝑟𝑖
=

𝐾 𝑢𝑡
𝑛

144000 (𝑑𝑎𝑛𝑛−𝑑𝑝𝑜𝑢𝑡)1+𝑛 (
2+

1

𝑛

0.0208
)𝑛 if laminar flow, replacing Eq. A23; and  (A32) 

(
∆𝑃

∆𝑧
)

𝑓𝑟𝑖
=

𝑓 𝜌𝑓 𝑢𝑡
2

21.1 (𝑑𝑎𝑛𝑛−𝑑𝑝𝑜𝑢𝑡)
   if turbulent, replacing Eq. A24.   (A33) 

Total pressure gradient ((
∆𝑝

∆𝑧
)𝑡𝑜𝑡) over the segment length of Δz 

(
∆𝑝

∆𝑧
)𝑡𝑜𝑡 = (

∆𝑝

∆𝑧
)𝑒𝑙𝑒 + (

∆𝑝

∆𝑧
)𝑎𝑐𝑐 + (

∆𝑝

∆𝑧
)𝑓𝑟𝑖  replacing Eq. A26.   (A34) 

If the calculation is repeated toward the surface, then the pressure at the last node (P2N+2) can be check if it 

is close to the back pressure (Pb) 

|𝑃2𝑁+2 − 𝑃𝑏| < 𝑒𝑟𝑟𝑜𝑟         (A35) 

If this condition is not satisfied, then the whole calculation can be carried out again with a new inlet 

pressure (Pin). The entire process can be summarized as shown in Fig. A1. 
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Figure A.1. The algorithm used in this study for foam drilling hydraulics calculation (details on 

parameters and variables in Appendix 1). 
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