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ABSTRACT

Laboratory experiments conducted in the past to observe advantages and limitations 

regarding possible utilization of small diameter tubes (SDT) operating under slug or 

pseudo-slug flow patterns to remove liquids from low-pressure reservoirs have been 

extended to pipe diameters up to 3/4”.

By increasing the gas injection rate, it was possible to observe the effect of transition 

from slug to annular flow pattern on the liquid production rate under a broad range of 

reservoir pressure conditions.

Experimental results have been compared with existing mechanistic models for 

evaluating the flow patterns, transitions and pressure drop. A new tool for assessing the 

level of pressure oscillations as an indication of flow-pattem transition related 

instabilities was developed, calibrated and used.

Effects of pipe diameter, reservoir pressure and interfacial tension on liquid 

transportation were observed and quantified. In addition, local turbulence promoters 

have been inserted and their effect on production enhancement has been evaluated.
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NOMENCLATURE

Symbol

A Cross section area of the pipe, (m2)

FBHP  Flowing Bottom Hole Pressure, (psi)

C0 Distribution coefficient. Usually Co=1.2

D  Internal tube diameter, (m)

d  Bubble diameter, (m, mm)

dP Differential pressure

dp Absolute differential pressure with respect to the length (Pa/m)

dz
f  Friction factor

f M Moody friction factor (Blasius Equation)

g  Acceleration of gravity, (m/s2)

H  Holdup (Ansari’s m odel)

“H ” Harmathy Bubble.

h Length of Liquid column measured from the gas injection point, (m)

ID  Internal tube diameter, (m)

k  Constant (0.68 for drops, 1.14 for bubbles)

L  Tubing Length, (m).

LTP  Local Turbulent Promoter

P  Pressure (Pa)

Q Flow rate, (m3/s)

R M S  Root Mean Square
Re Reynolds Number (dimensionless)

SDP  Small Diameter Pipe model

s Submergence.

/ Time, (s)

T-D Taylor-Dumitrescu Bubble
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U Velocity, (m/s)

Subscripts

g Gas

L Liquid

Superscripts

s Superficial

Greek Symbols

a  Average void fraction

a  Void fraction

f t  Ratio between the liquid slug length and the slug unit length (Ansari
and Hasan’s model)

81 Film thickness, (m)

A Difference (i.e. Difference of density, pressure, etc.)

p  Density (m3/s)

p  Viscosity (MPa.s)

a  Surface tension, (N/m, Dyna/cm)
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CHAPTER 1 
INTRODUCTION

1.1 Overview

Marginal gas wells generally undergo liquid loading problems, which can cause the pre

mature abandonment of a well/field before being fully exploited under present (price of 

gas and available new technologies) commercial conditions. This liquid accumulation 

besides of exerting additional backpressure on the well also can reduce the effective gas 

permeability around the perforations. A liquid inflow (brine) of only 0.119 m3/day (1 

bbl/day) that is not removed can create a back pressure of 280 kPa/day in a 6 in ID 

casing. Once the hydrostatic pressure due to the column of liquid that is being 

accumulated equals the reservoir pressure the gas well stops producing.

The liquid loading is also a common condition for Coal Bed Methane (CBM) wells, even 

at early stages of production, due to the low reservoir pressure of CBM reservoirs. The 

minimum reservoir pressure (or-net-liquid column height above the gas injector defined 

as submergence level) required for any conventional artificial-lift methods limits the 

possibilities to successfully unload a large number of gas wells with negative effect on 

ultimate gas recovery limit [1].

The present work is an extension of the investigation initiated at University of 

Alberta/Petroleum Department during 2002-2005 [2] particularly aiming at assessing the 

effectiveness of 4, 8 and 12 mm ID tubes to transport liquid under low submergence 

conditions.

This study encompass tube diameters up to 20 mm; a new compressed air sources have 

been installed to observe the liquid transportation when the flowrate of the injected gas is 

progressively increased to superficial velocities usually required for annular flow 

patterns. This created the possibility to closely investigate the stages of transition from 

bubble to slug and, then to annular flow patterns for a broad ranges of tube diameters and

1
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reservoir pressures (submergence). The transition from slug to annular flow pattern 

being of considerable practical significance was given special consideration in this study.

1.2 Statement of the problem

1.2.1 Liquid Accumulation at the wellhead level (load-up)

In maturing gas fields, as a consequence of decreasing the pressure of gas reservoirs, the 

liquid (usually water produced by a nearby aquifer or commingled with gas or condensate 

formed in the upper zones of the well/tubing) starts accumulating in the bottomhole zone 

of the gas well. The detection of this problem is not always obvious [3]. A gas well may 

be partially load-up with liquids and still continues to produce gas before the gas 

production is totally interrupted. There are some signs that may indicate the existence of 

this problem such as abrupt decline in gas production and increment of liquid production.

It is unanimously accepted [3] that a minimum reservoir pressure is required for 

transporting the gas and water to the wellhead. Effective transportation of liquid from 

deeper wells and under lower pressure reservoirs requires a better understanding of 

mechanism of upward gas-liquid transportation and finding suitable artificial gas-liquid 

lifting technologies.

Assessment of the particular flow pattern is a prerequisite of better understanding and 

scaling the experimental data to field conditions. From practical point of view, effective 

and economic upward well transportation of gas and water is achieved as a slug or as an 

annular flow pattern. Usually the slug flow is preferred for transportation of relatively 

large amount of liquid during gas lift operations and annular flow is the preferred strategy 

for gas well unloading. However, due to important pressure-temperature decrease 

encountered during upward transportation of gas and liquid from deep wells, transition 

from slug to annular flow occurs with possible negative consequences on stability and 

transport effectiveness, particularly important for low pressure reservoir conditions.

2
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Use and limitation of small diameter tubes for transporting a relatively small amount of 

liquid, but under low or extremely low reservoir pressure was presented and discussed 

[4]. A pseudo-slug flow pattern regime was observed, investigated and numerically 

modeled.

To observe and quantify transitions from slug to annular flow, this work considerably 

expands the physical conditions previously used for SDT. The effect of diameter to liquid 

transport effectiveness and changing the slug-to-annular flow pattern boundary position 

is observed and discussed.

Laboratory experiments are designed and performed to observe the effect of tube 

diameter, reservoir pressure, surface tension and of local turbulence promoters on gas- 

liquid upward transportation effectiveness. For scaling laboratory measurement to field 

conditions, existing mechanistic models are used and compared with experimental 

results.

1.3 Methods for liquid unloading

Both natural and artificial lifting is used for liquid unloading [3], Cost-benefit applied to 

the particular conditions of a given well [5] is used to compare and select a certain 

unloading strategy. Depth of the well, reservoir pressure, amount of liquid to remove, 

gas production, and the nature of fluids are among key design conditions. The liquid 

produced and accumulated at the bottomhole level can be disposed (pumped) in an 

underneath formation or produced. For continuous production of liquid and gas, a well 

developed, “healthy” annular flow regime is the preferred solution. This requires 

maintaining the local (function of depth-pressure) gas velocity at a value exceeding the 

local critical calculated value. The “Turner” model is a well accepted method for 

calculating this critical (minimum required) gas velocity. To achieve this condition for 

the entire depth of the well/tubing the size of the tubing is sometimes changed or the well 

head pressure is altered. Foaming the gas, swabbing or siphon using compressed gas are 

also used for shallow wells situations.

3
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The utilization of small diameter tubes (SDT) [4] combined with gas lift may be an 

economical alternative to remove relatively small volumes of liquids from low-pressure, 

shallow gas reservoirs. Fig. 5.23 suggests an unloading method using SDT, where liquid 

is separately produced through SDT and the gas is released in the annulus (casing-tubing) 

space. The application of this method could be continuous or intermittent depending on 

the necessity of liquid removal. A small compressor would be necessary for the gas lift 

system and the surface pressure for the SDT may be as low as possible. The use of SDT 

and conventional (1” or larger) tubes for unloading liquids depends on the prevailing 

mechanism controlling the gas-liquid transport. Annular flow pattern is the preferred way 

for conventional tubes, pseudo-slugs (alternating long bubbles and liquid plugs and a 

liquid film fallback) is considered when gas and liquid is transported upward with SDT. 

The conditions encountered during transition from slug (or pseudo-slug) flow pattern and 

developed annular flow are insufficiently described in the literature yet considered 

essential for controlling the liquid unloading operations.

1.4 Objective and scope of the research

The main objective of this research is to assess experimentally and analytically the 

effectiveness of removing liquids from very low-pressure reservoirs, particularly with 

SDT. The variables used in this experimental study include: diameter tube, surface 

tension, local turbulent promoters (LTP) and reservoir pressure. Each experiment is 

performed at almost constant reservoir pressure (indicated as submergence) and 

conducted during a progressive increase of gas flowrate. The liquid transport 

effectiveness is assessed as liquid produced versus injected gas rate.

Of particular interest is observing the conditions (flow-pressure) encountered during 

transition from slug (pseudo-slug) to annular during progressive increase of gas injected.

Surface tension was lowered from 0.072 N/m (tap water) to 0.047 N/m (water-methanol 

60-40 %). The effect of local turbulence promoters (LTP) on liquid production was 

separately investigated. A turbulence promoter designed as a local diameter reduction (up

4
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to 47 % cross-sectional area reduction) was manufactured of plastic sheet and inserted at 

pre-determined levels.

Reservoir pressure (submergence) was simulated in the laboratory by maintaining a 

certain level of water above the gas injector (positioned at the bottomhole level).

The level of fluctuations of the bottom hole pressure was quantified using the root mean 

square (RMS) procedure applied to a high-response pressure-related voltage signal.

Slug or pseudo slug as well as annular flow patterns have been observed frequently 

during the laboratory experiments; observing and assessing the transition from slug to 

annular (including the slug-to-churn transition stage) was given a special attention.

The boundary between flow patterns have been numerically calculated using existing 

models and compared with laboratory data. In order to accomplish the objectives 

mentioned the following has been completed:

1) Approximately 1320 experimental runs (including repetitions) have been 

performed and data processed using a consistent detailed procedure.

2) Literature review of mechanistic models frequently used for gas-liquid flow 

description.

3) Upgrade the existing flow loop to accommodate up to 20mm ID tubes and 

installation of a data acquisition system for continuous recording of the flowing 

bottomhole pressure (FBHP) average and momentary values (describing the 

pressure oscillation level).

4) Fabrication and installation of local turbulent promoters (LTP).

5) Record the FBHP for the whole range of air injected for each submergence level 

and performing RMS calculations.

6) Use the numerical models for the slug flow pattern developed by (Hasan [7] and 

Ansari[10]) and slug-to annular transition model developed by (Putra[12j) as well

5
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as the annular flow pattern model suggested by (Ansari[10]) for comparing 

present and other (literature) experimental data.

7) Discuss the results and suggests the mechanistic models that better describes the 

laboratory experiments in view of potential field applications.

8) Compare and discuss existing slug-to-annular transition models

9) Perform video-recording of several experiments in order to analyze the flow 

patterns and obtain descriptive pictures from it.

1.4 Structure of the Thesis

Chapter 1 presents a general outline of the problem of unloading gas wells with very 

small reservoir pressures. It includes, overview, technologies for liquid unloading, 

statement of the problem, objectives and scope of the research.

Chapter 2 is a literature review of mechanistic models describing slug flow, churn flow 

and annular flow and transitions.

Chapter 3 explains the experimental program. It includes the details of the experimental 

set up, calibration procedure for pressure transducer and flowmeters, and test procedures 

for water-air, water -methanol-air and water-LTP-air tests.

Chapter 4 discusses the experimental results and major observations.

Chapter 5 presents and discuss numerical results of frequently used models described in 

chapter 2 as well as models employed in the former research[2] simulating present 

experiments.

Chapter 6 includes conclusions and recommendations.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2 

LITERATURE REVIEW

An overview of frequently used mechanistic models and their suitability for describing 

the present experiments is presented. Models that predict and explain the transition 

boundaries between the slug to annular two-phase flow patterns mainly encountered 

during this laboratory study are also reviewed.

The two-phase flow patterns frequently observed during this laboratory work are: slug, 

(churn as a transition stage from slug-to annular) and annular flow. In the field, they can 

occur simultaneously, at different level-pressure conditions, along the tube since the 

superficial gas velocity varies significantly with depth-pressure conditions. The aspect of 

the slug flow pattern observed in small diameter tubes is somewhat different with the slug 

flow pattern observed in conventional tubes [2]; however, mechanistic models used to 

explain and calculate transitions in conventional tubes are used throughout this 

investigation.

2.1 Slug Flow Pattern.

A typical representation of slug flow pattern is shown in fig. 2.1. It can be observed that 

most of the gas is contained in the Taylor-Dumitrescu (T-D) bubble and in the 

“Harmathy’s” bubbles (usually -  with conventional diameter tubes) found in the liquid 

slug. During the upward movement of the T-D bubbles a thin liquid falling back film 

continuously reduces the amount of liquid transported as slug between the T-D bubble 

train. This film mixes in the tail of the T-D bubble with the preceding liquid slug [6] 

prior to cascading to the lower slug zone. Most of the liquid transported upward is found 

in the slug sub-pattern (containing “H” bubbles). The thickness of back flowing liquid 

film is neglected by the majority of calculating models, however in small diameter tubes 

diminishing the amount of liquid during upward transport due to counter-current flow of 

the film is significant and considerably limits the depth of transportation [2]. Specific for 

SDP is the disappearance of “H” bubbles found in the slug zone (due to coalescence into

7
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the T-D bubble); this lead to an altered slug flow pattern identified as “pseudo-slug”. 

However, it was directly measured [2] and demonstrated that the terminal, ascending 

velocity of T-D bubbles demonstrated and measure (by D. Dumitrescu, 1943 and G. 

Taylor 1953) can be similarly calculated for SDT.

Figure. 2.1. Upward vertical slug flow

2.1.1 Slug flow modeling

2.1.1.1 Hasan’s model [7]
The entire slug unit is divided in three main parts (fig. 2.1):
a) T-D bubble,
b) Liquid slug containing Harmathy bubbles.
c) fall-back liquid film.
To estimate the averaged void fraction, a  an empirical correlation is used [8]:

8
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a  = ^ ^ - a T_D+0.25U'g for U ^ O A m / s  2.1
Lu

a  = L ld L a  +o.l for Ui > O A m / s  2.2
1 1 ~ U  6

In order to calculate the void fraction at each section of the slug unit and the local gas 

velocity Ug a drift-flux model [9] is applied. In the T-D bubble region the void fraction is 

calculated using equation 2.3.

u: u:
&T-D ~

U t-D C 0U m + UT-Do<
2.3

In the liquid slug region the void fraction, ocls, is calculated with the equation 2.4,

&LS ~
U s U s

g _  g________

u c u +U,g LS o m too

2.4

Where terminal velocities for the Harmathy and T-D bubbles are calculated by equations

2.5 and 2.6 respectively.

U, =1.53
& pg< 7

0.25

2.5

U t_Dm = 0.35
r \ 1/2 gDAp 2.6
V Hi y

The static and frictional pressure losses in the pipe are calculated as follows:

'  d P '
dL fuP2 f  ,<Pa) 2 1

J  friction

9
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P m S i ^ T - o ) ,(Pa) 2 .8
y  static

P is the ratio between the liquid slug length, L Ls, and the slug unit length, Lu .

v
2.9

2.1.1.2 Ansari’s Model [7]

This model uses the mass balance of gas and liquid within the slug unit combined with 

empirical correlations. The slug flow is described in more detail than in Hasan’s model 

and considers the liquid film velocity, which can be an important factor in the efficiency 

of liquid transporting. The liquid hold up is calculated independently for the TD bubble 

and liquid slug. The overall mass balance is expressed using eight unknowns quantities 

( j3 ,HLTD,ccLS,UgTD,ULTD,UGLS,ULLS,a n d U TD) and same number of equations. The

following are the steps recommended by Ansari’s model for solution:

1. The T-D bubble velocity ( U j -d ) and liquid slug void fraction ( oc^lare calculated

as:

0.5

UTD = 1.2f7m+ 0 .3 5 g D (p L - P a )
Pl

2.10

2.11
0 .425  +  2.65 U,m

2. The liquid hold up (H ltb )  in the T-D bubble is obtained by solving 2.12

10
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( 9 .9 1 6 ^ 0 ) ( l- J l - H ltb )°'5H ltd- U t d { 1 - H l t d ) + A = 0 2 .1 2

A  a LS U  LTD +  ( I ocL S ) U m - a LS 1 . 5 3
^ l S ^ P l  P g )

_2

0.25 f  "

I P l J _
2.13

3. The liquid fall back velocity ULtd is determined by 2.14[11].

U LTO= V l9 6 .7 g 5 L 2.14

8l is the geometrical average film thickness along the T-D bubble and is calculated by 
2.15:

2.15

4. The liquid velocity in the liquid slug ( U l l s) is obtained by equation 2.16

( U t d CC U l l s W l l s  - \ U td  ( U  LTD ) \  H LTD 2.16

5. The liquid slug void fraction, , is calculated by the following equation

UgLS =1.2£/m+1.53 8 ^ l (P l ~ P g )

p I

0.25

(1 ~ocLS) 2.17

6. a TO is obtained by equation 2.18

W m  ~ USLS )0 -  H lls ) = (UTD -  UgTD )(1 -  H ltd ) 2.18
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7. Equation 2.19 is solve for (3

V u = 0 -  f i)UusH us -  P U m f l u m

8. Static and frictional pressure losses are calculated as a function of ft

v dL Jfriction
= f ' spLsU"' ,(1 -  3)  , (Pa/m)

2D
2.20

(  d P \—  =«1 -P).PH+Pp,).g , (Pa/m)
V  J  statics  static

2.21

2.2 Slug to Annular Flow Pattern Transition in Vertical Tubes

The first stage of this transition is commonly called churn pattern and, due to difficulties 

encountered when direct laboratory observations are used to assess the transitions, is one 

of the most controversial flow patterns. The gas velocity range at which slug-to-annular 

transition occurs appears to be greater than the range of superficial gas velocity during 

the bubble-to-slug transition and is not well defined as yet.

2.2.1 Slug - Churn Pattern Boundary Modeling

The transition region is highly disturbed and large waves flow up the channel mix 

together with regions of falling liquid films [13]. The occurrence of backward flow is 

what makes the transition flow better differentiate from annular flow as shown in figure 

2.3. Yet there is a continuous gas core for both cases [14], The transition is more 

irregular when is closer to the slug flow than when is closer to annular flow. This 

boundary has also been considered as unstable slug [15].

Van Hout [16] defines three regions in the liquid slug as in fig. 2.3. These are the wake 

region, developed region and the intermediate region. The wake region is populated of

12
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bubbles where turbulence is high and the void fraction is relatively large [13]. The 

developed region is more like bubbly flow and the void fraction is similar to that. 

Between the two regions mentioned there is an intermediate one, which is fed by bubbles 

coming from the center of the wake region and then split around. When more gas is 

injected into the system the wake region becomes larger and more turbulent while the 

developed region becomes smaller [13]. When this region almost disappears the 

turbulence in the wake region starts affecting the Taylor- Dumitrescu bubble coming 

behind as shown by a dashed line in fig. 2.3. At this point the liquid slug turns out to be 

too gassy making it quite sensitive to be broken by a little increment of gas injection and 

subsequently the Taylor- Dumitrescu bubble is distorted.

(a) Slug Flow (a)  C hum  Flow („) A nnular Flow

Figure. 2.2. The slug, chum and annular flow regimes in vertical upwards annular gas- 
liquid flows [14].

Van Hout [16] concluded from his experiments that when the liquid slug length is as low 

as 15 percent of the entire slug the flow is very close to boundary between slug and 

transition flow. Other workers as Brauner and Barnea [17] suggested the boundary to 

take place when the void fraction in the liquid has reached its maximum cubic packing 

considering the bubbles perfect spheres. This maximum packing possible occupies 52 

percent of the total volume. Later on experiments conducted by Barnea and Shemer in 

1989 suggests these values to be among 0.52 and 0.60.

13
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Chen and Brill [13] consider these values to be <= 0.52 (void fraction in the liquid 

slug) and (3S<= 0.15 which is the ratio between liquid slug length and the entire length of 

the slug.

© «  0 . 0
o  © © o

Taylos babbie n \

^TD

Falling film
t '“td

Wake
r e g i r a

region

Developed! ^  1*

Figure. 2.3. Transition from slug flow to churn flow [13]

To mathematically determine the superficial gas velocity for which takes place the 

transition for a given superficial liquid velocity they assume that the slug unit is 

incompressible and that the two-phase flow along the slug unit is the same at any cross 

section. As the two- phase flow approaches the slug-churn transition the slippage 

between the bubbles and liquid in the liquid slug becomes negligible. A volumetric 

balance at the Taylor-Dumitrescu Bubble yields:

Where U * and U g are the superficial liquid and gas velocities respectively, a TD is the 

void fraction in the Taylor- Dumitrescu bubble section and U TD is the gas velocity within

Uj + U g —cxTDU TD (l 0Cj.D)t/p 2.22
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the Taylor-Dumitrescu Bubble. UF is the liquid film velocity around the Taylor - 

Dumitrescu bubble .

If the slug flow is fully developed U F can be calculated as a free falling film and in this 

case the thickness of the film, Sf, is constant and can be determined using a geometric 

relation in terms of diameter of the tube, D, and the void fraction, a TD, at the Taylor 

Dumitrescu bubble section assuming that there is no entrained gas in the film as follows:

UF can be estimated since Reynolds number of the film, ReF, is a function of it. Brill 

and Chen [13] introduced the turbulent coefficients k and m recommended by Fernandes 

[19] (k=0.0682, m=0.67). After solving equation 2.24 for Ur and substituting the 

constants for turbulent flow it yields:

When doing a mass balance of the gas over the whole slug unit it can be written as:

2
2.23

Utilizing the expression equation by Wallis [17]:

2.24

2.25

To calculate the transport velocity Nicklin’s [9] drift velocity equation is used:

2.26

15
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u; =a,p,(u; +v;humam(i-/3,) 2.27

If a moving reference system is considered to be in the Taylor - Dumitrescu bubble with a 

velocity, Ugr-D, and doing a gas balance relative to this system yields:

With equations 2.2, 2.25, 2.26, 2.28 and 2.29 can be estimated the superficial gas velocity 

for a known value of superficial liquid velocity.

Equation 2.30 presents a correlation proposed by Tengesdal for the slug to churn flow 

boundary which was developed to fit experimental data [20]. For this correlation the 

overall void fraction in the slug unit is considered to be 0.78 which is the transition value 

of the void fraction from slug to churn for this case.

2.2.2 Transition to Developed Annular Flow (STA)

The most accepted “deliquification” criteria recommended for assessing the “minimum 

gas velocity” required for producing the liquid resulted during gas production , the 

“Turner” (or “T-H-D” model [21]) calculates the critical gas velocity required for 

obtaining a “developed annular” flow pattern.

Two flow conditions are required for calculating this transition:

2.28

Solving for UTD after combining 2.27 and 2.29 it is obtained:

2.29

2.30

16
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a. The upward gas velocity should exceed the velocity required to support the 

larges droplet (formed through atomization of liquid film-gas core interface),

b. The largest droplet formed through atomization of wavy interface is the result of

the ratio of dynamic and surface tension forces (defined as Weber number) -  

The balance of drag and gravity forces acting on a spherical liquid drop [22] is 

Indicated in eq. 2.31:

The gas superficial velocity for which the transition from churn to annular pattern occurs 

(eq. 2.32), U s , [21] depends on the density of the liquid droplets, p l , the acceleration of 

gravity, g, the diameter of larger droplets, d, and a drag coefficient, Cd (Cci« 0.4 for high- 

Reynolds number situations, typical for transition to annular flow):

A droplet of diameter, d, a will be transported upward by the gas exceeding the velocity 

indicated by equation 2.32[17]. Atomization of the wavy interface (between the upward 

liquid film and the core of gas-droplets) is controlled by the equilibrium between 

dynamic and surface tension forces (Weber number eq. 2.33):

Turner [24] indicated that the transition to developed annular flow requires A minimum, 

critical Weber number of 30, where the droplet diameter d is the largest obtained in the 

spectrum of droplet size resulted from atomization of liquid film [23]. After combining 

equations 2.32 and 2.33 the transition velocity is obtained:

2.31

2.33
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Reversal of the flowing direction of liquid film (from downwards as specific to slug flow 

to upwards as in annular flow pattern) offers a good criteria for defining the occurrence 

of the onset of transition from churn to developed annular flow pattern. The flow reversal 

of liquid film is observed through a minimum of liquid entrainment of liquid in the core.

J.R. Barbosa Jr. and G.F. Hewitt [25], by measuring the amount of droplets entrained 

from the upward liquid film in the gas core, determined that the minimum of liquid 

entrained in the gas core occurs at U s* ~ 1 (equation 2.35) regardless of the amount of

liquid injected (fig. 2.4 and 2.5). The minimum value observed in the “U”-shaped curve 

describing the dimensionless liquid transported versus superficial gas velocity 

corresponds to the onset of developed annular flow. As the amount of liquid transported 

in the upward flowing of liquid film is relatively negligible when compared to the liquid 

transported as droplets, fig. 2.4 and 2.5 suggest that the during this transition, the total 

amount of liquid transported exhibit a minimum value.

The transition velocity for the onset of developed annular flow pattern by the flow 

reversal approach [26] is determined as follows:

The entrainment fraction of droplets tends to lower when increasing the dimensionless 

gas superficial velocities until the entire film is flowing upward (fig. 2.4). The minimum

2.35

Where U s ~ 1 (dimensionless) at the point of the transition from chum to annular flow

[21 ] .
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value of liquid entrained fraction increases with the total amount of liquid injected, but its 

position with respect to superficial gas velocity is almost the same (fig.2.4).

J.R. Barbosa Jr. and G.F. Hewitt [25] state that this behavior is probably due to two 

competing mechanisms of droplets entrainment (of different magnitudes depending on 

the gas velocitiy). Azzopardi [28] identified these two mechanisms of droplet 

entrainment as: a. at relatively low gas velocities, open-ended bubbles are formed and 

then burst due to the action of the gas undercutting large (rolling) waves; b. at much 

higher gas velocities, the crest of the wave is moved upward by the gas breaking into 

drops [25]. Experiments conducted by James [29] found that large droplets created by the 

first mechanism tend to have a tendency of being re-deposited while droplets created by 

the second mechanism tend to have a much higher residence time in the gas-droplet core.

UQuftiriM *|hs a

! * !9rr*<£rfr ‘ 

AS §*«*?,» i 
□ " 4* *4̂2,* f 

—| I .»

#  330

DIMENSIONLESS 8AS VBIQCITY

Figure 2.4. Liquid entrained fraction as a function of the total liquid mass flux: p = 2 
bara (approximately 200 kPa) [25]

Fig. 2.5 compares the fraction of liquid entrained and the pressure gradient measured 

against dimensionless gas velocity and suggests that a minimum values for the two 

curves occurs at the same (dimensionless) gas velocity.
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Figure. 2.5. Entrainment and experimental pressure gradient in the churn-annular 

region: p = 2 bara (200 kPa), mL = 47 kg m2 s'1 [23]

2.3 Modeling of Slug-to-Churn Transition Stage

Isshi and Mishima [30] (slug-to-churn transition stage) model was further adapted and 

simplified for isothermal flow conditions by Putra [12]. The two-fluid model [12] 

describes the mass and momentum balances for each phase as well as the inter-phase 

interactions. The interaction between the phases is flow pattern dependant.

The momentum balance is represented by the following expression:

The subscript k represents the phase; M,* groups the interfacial drag forces on phase k and 

is the interfacial shear stress.

dt dx
2.36

Mass balance:

2.37

2 0
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The acceleration term in the momentum balance can be neglected since it is small 

compared to the other factors contributing to the pressure gradient in the churn flow 

pattern. The terms that are time dependant can be cancelled out as well since a steady- 

state flow is considered.

Rewriting the momentum equation for each phase under the assumptions made it yields:

Gas phase:

z -38

Liquid phase:

F„+F„,+F!, + ( l - a ) —  = 0 2.39

The interface drag forces (per unit of volume) Fig and Fu have the same magnitude and 

opposite directions. Fwg is the friction force (per unit of volume) between the gas and the 

wall and can be considered zero since it is the liquid phase which is most in contact with 

the wall[31]. Fwl is the friction force (per unit of volume) between the liquid phase and 

the wall of the tube. Fwg and Fgl are the static forces (per unit of volume) due to the 

acceleration of gravity.

After combining equations 2.38 and 2.39 is obtained:

-  (1 -  a)Fgg -  F. + aFwl + aFgl = 0 2.40

2.3.1 Estimation of the Drag Force

The most critical term in the equation 2.40 is Fig which is highly dependent on type of 

interaction between the two phases.
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Generally, a drag force that acts on a particle can be written as follows:

Fi = W . f ' .  K  2.41

Where p c is the density of the continuous phase, Cd is the drag coefficient (dependent 

on the interaction nature between continuous and dispersed phases), Ur is the relative 

velocity between the dispersed and the continuous phase and Ad is the projected area of a 

typical particle of the dispersed phase.

Ishiii and Mishima [30] came out with the following equation to account for drag force 

transferred from the liquid to the gas phase.

F iS = \ p i a C d

f  \rsm

n, /

V
is the ratio of Sauter mean radius to maximum radius of a particle r and is equal to 1

rD

for a spherical shape. Putra [12] uses a value of 0.05 for liquid superficial velocities leas 

than 0.2 m/s and 0.1 for bigger liquid superficial velocities. This is in order to represent 

the shape of the particles of the dispersed phase (liquid) in the chum flow.

Kocamustafaogullari and Ishi [32] defined the interfacial area per volume of the mixture, 

ai , either for slug o chum-turbulent flow as:

a. = ■ r a - a s
\ l ~ a s j

+
3 a gi. ( I - a

l-oe,
2.43

a s is the void fraction in the liquid slug, a  is the average void fraction in the slug unit, 

rjmis Sauter mean radius and D the diameter of the tube. The Taylor bubble is

2 2
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represented by the first term of equation and the bubbles in the slug by the second term. 

In order to make the equation more specific for churn flow a roughness parameter equal 

to 1.1 is introduced [12].

The void fraction in the liquid slug can be calculated using the correlation suggested by 

kurul and Podowski [33] as follows:

a  (0 < a <  0.25)

= 0.3929- 0.5714a 
0.05

(0.25 < a  < 0.6) 

(0.6 < a  < l)

2.44

Kocamustafaogullari and Huandg [34] give the Sauter mean radius by:

r \

r = 0.53sm 1_
a{] - a ) D  :

U. sjy
V ^  /  tw o -p h a se

2.45

Where
\ d z j

can be calculated utilizing the Martinelli-Nelson pressure drop
tw o -p h a se

correlation as follows;

f dp'' 
dzV ^  /  tw o -p h a se

And,

, ( dp_

I d z ) .

1

a 512
Martinelli

2.46

2.47

Where a Martinelli can be correlated by [12]:

(l + X 08) '0378 2.48r /
M artinelli
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And,
0.5

2.49

Utilizing the Ishii’s correlation [30] for the drag coefficient it yields:

2.3.2 Friction and Gravity Forces Calculation

As stated the friction forces against the wall of the tube are mainly due to the interaction 

liquid-wall and can be calculated as follows:

j7 —( -  f  P 'Ul
r wl — -v J  n r \K dx 2D

2.51

Where,

—  i f R  <2100

/  = 2.52

And,

R
DU

2.53
v.
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The gravity forces are generated by the weight of the column of water and column of gas 

and it can be calculated as follows:

Gas phase:

Fgg= a p g§ 2.54

Liquid Phase:

Fgl= ( l - a ) Plg 2.55

The void fraction is the only unknown and can be obtained by iterating with void fraction 

values and simultaneously solving equations 2.40 to 2.55 until equation 2.40 is satisfied.

2.4 Annular two-phase flow pattern

In this flow, which is developed at high superficial gas velocities, there is a liquid film 

and a gas core as illustrated in fig. 2.7. There could be presence of gas bubbles in the 

film as well as liquid droplets in the gas core. As mentioned the interface between the 

gas and the liquid film tends to be very wavy where, atomization and deposition of liquid 

droplets occur.

2.4.1 Ansari’s Model

This approach is very similar to Alves’s model [35] where some ideal assumptions are 

made in order to simplify the model as follows:

a. Isothermal conditions and fully developed annular flow

b. Film thickness,6, is considered constant

c. Homogeneous flow in the gas core (none slip velocity between droplets and gas).

d. Incompressible fluids.
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e. Negligible acceleration forces which means that the effective velocity of the two- 

phase transportation does not change significantly with time.

t
Gas core

Liquid Film
H u e

Entrained
liquid
Droplets

Figure 2.6. Annular flow pattern.

Taking as a reference figure 2.7 and with the above assumptions the linear momentum 

balance on gas core and the liquid film is given by equations 2.56 and 2.57.

/ dp^

\ d L j

r dp^ 
\ d L  j  F

-TiS i - p cAcg s in 6  = 0

+ - t f S f  - p LAFg s in6  = 0

2.56

2.57

p c is the density of the core and is calculated as homogeneous flow as follows: 

Pc =PLQ-<xc) + p ga c 2.58

Hence the liquid fraction, (1 -  a c) , in the core can be obtained by equation 2.59:
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Where FE the fraction of liquid entrained in the core and is correlated by Wallis’ 

equation [18].

Fe = l - e [-0 .125(U „,,-1.5)] 2.60

Where £/ , =10000
r „ \ 1/2

\ P l  j

2.61

The film shear stress in equation 2.57 is calculated as follows for Moody friction factor:
2

^ F  ~  i f U  ) f  P l

u,
8

2.62

The Reynolds number for the film is:

Re, p J J / d HF

P l

Where the film velocity is given by:

_ qL{ \ - F E) U ; ( l - F E) 
A, 4 S ( \ - S )

The hydraulic diameter of the film: 

d HF =4S ( \ - S ) d

2.63

2.64

2.65

Substituting 2.90 in 2.79 yields:

Z'  = ^ 1~ F4 1Pl
U'l 

4(j(l -  S)_
2.66

Expressing the film shear stress in terms of the superficial liquid pressure drop

v dl j  SL
yields:

D ( l - F j  f F (d p
dl4 [ 4 d ( l - S f  ft

2.67
SL \ u l  J SL
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Where ' d £
k dl j SL

f s iP l^ L
2D

2.68

Superficial liquid Reynolds number is expressed by:

P J J ] P 2.69
Pi

The shear stress between at the interface in equations 2.56 and 2.57 is calculated as 

follows:
2

Where the core velocity is obtained by: 

U„
=

( l - 2  g j

2.70

2.71

The friction factor at the film-core interface is a function of the friction factor (expressed 

with superficial velocity of gas), f sc, and a factor Z calculated using Wallis’s expression 

[17] for high liquid entrainment and Whalley- Hewitt’s expression [36] for low liquid 

entrainment fraction (see FE eq.2.60):

f i  =  f s c Z  2.72

Z = l + 300£ for  Fe > 0.9

Z = 1 + 24
f  V/3

\ p g )
for  Fe < 0.9

2.73

2.74

Substituting equation 2.70 in 2.71 and expressing in terms of superficial core pressure 

drop is obtained:

D Z  ( d p '
T: =■

( l - 2 5 ) T dL
2.75

z  sc

The superficial core Reynolds number is given by:

^ e sc —
p cu :  p

Me

Where U s =FEU SL+ U 5er  t  L s

2.76

2.77
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The average viscosity of the gas-droplets (assumed homogeneous flow) core is given by: 

Hc =Hga c +/uL{ \ - a c) 2.78

(  dpSolving 2.73 for effective core pressure drop,
U U 1

, after having substituted r , , the

interface wetted perimeter, Si, the cross-sectional core area, Ac, in 2.73 is otained:

+ /?cg s in #  2.79

f  dp^

( d p ]
/

Z
\

( d p '
y ClL J

C If1 - 2  S f  J[d L )

Similarly solving 2.74 for
\ d L j f

, after having substituted , r F ,Si, cross-sectional film

area AF, and the wall wetted perimeter SF is obtained:

r dp ' G - f J  )f  d p f
/ \  z ( d p \

\dL ,

11
 ̂ 

I

[ d L j sL [ d L j
+ p Lg sin0 2.80

Assuming that there is equilibrium in the flow the pressure drop occurring at the core is 

equal to the pressure drop at the film. Therefore equations 2.79 and 2.80 can be equated 

and solved for the film thickness,5, since it is the only variable. Then the total pressure 

drop can be calculated with either equation 2.79 or 2.80.
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CHAPTER 3
LABORATORY EQUIPMENT AND EXPERIMENTAL PROGRAM

3.1 Experimental set up

The flow loop at University of Alberta, previously used for assessing the gas lift 

effectiveness with small diameter tubes [2] was upgraded for tubes up to 20 mm ID and 

for high-speed pressure recording and used for the experiments in this study. The 

following modifications have been made to the flow loop:

• In addition to the existing 4,8,12, mm ID tubes (previously used [2]), the system was 

upgraded to accommodate 20 mm ID PYC tube

• An additional line was installed to measure the flowing bottomhole (FBHP) and static 

pressures (fig. 3.1, section # 7, and fig. 3.4).

• The air source was upgraded in order to increase air pressure from 60 to 100 psig.

The apparatus is composed of five main sections (fig. 3.1):

Section #1 is a vertical storage tank A 6 inches (15.24 cm) OD x 10 feet long (304.8 cm) 

clear PVC pipe is used. A pre-determined water level is selected for each experiment to 

provide the desired “reservoir pressure” or submergence.

Section #2 is a 2 inches (50.8 cm) OD clear PVC pipe, which connects the storage tank to 

the air injection section,

Section #3 is the 2” PVC pipe gas-liquid injection/mixing device..

Compressed air is injected through a nozzle, #6, coaxially located inside the riser. This 

design allows the air to flow freely inside the riser and avoid air-water blockage at the 

entrance.
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Section #4,contains the observation tubular element and is designed to accommodate 

various diameters of tubes. Clear PVC tubes of 20 mm,12 mm, 8.0 mm and 4 mm ID 

were used for the present work.

Section #5 is the gas-liquid separator located at the top of the apparatus. It is built from 

2” ID clear PVC. The air separated from the liquid is piped to a vent. The water is 

collected in the annulus section formed by the riser and the receiving tube in the 

separator, (fig. 3.1 #15). The test could be run in a closed or open loop depending on 

whether the liquid production is required for the experiment or not. Once the water 

overflows the chamber #5 it has two possible paths, to return the storage tank #1, or to be 

collected in the liquid collector #12 and weighted..

The liquid collector #12 receives the water from the production line. The receiving cup 

rests on an electronic scale, #10programmed to display the flow rate in Kg/min. The scale 

had a precision of ±0.2 g.

The air flow rate is measured in section # 9; (see section 3.4 for details equipment 

details). The injected air pressure is measured (Fig. 3.3, #8,) using a “Validyne”® 

pressure transducer with a 75 psi diaphragm. For the FBHP and static pressure a 5 psi 

diaphragm was used.

Seven parameters were monitored: (1) Air flow rate, (2) liquid flow rate, (3) atmospheric 

pressure, (4) temperature, (5) injected air pressure, (6) reservoir pressure and (7) bottom 

pressure of the observation tubing. In addition, the air-liquid surface tension was 

separately measured using a Du-Nouy ring tensiometer and a precision scale.
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Figure. 3.1 Experimental set up

3.1.1 Turbulent Promoters

The local turbulent promoters (LTP) were built from a thin (less than 1 mm) plastic sheet. 

Fig. 3.2 is a sketch of LTP. The LTPis inserted at the desired level in the PVC 

observation tube (riser) (fig. 3.3). Two different LTP sizes were used for the 12, and 20 

mm ID tubes and one size for the 8 mm tube as shown in table 3.1
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Figure. 3.2. The Local Turbulent Promoter (LTP)

Table 3.1. LTP sizes for the tubes utilized.

ID LTP 
(mm)

ID Tube 
(mm)

Area Reduction
%

19 20 9.75
17 20 27.75
11 12 15.97

9 12 43.75
7 8 23 .44

flw* f ♦ ®S5>|f§l; f
ll

itS & L

Figure 3.3. View of the LTP during gas-liquid upward lifting
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3.2 Pressure Transducer Calibration

The two Validyne® pressure transducers (Fig. 3.4) used for bottom hole pressure 

measurements and air pressure are equipped with high sensitive stainiess steel 

membranes rated in accordance to the range of pressure to be measured.

Figure 3.4 Pressure transducers for FBHP and air line

The calibration of pressure transducers was performed with an Omega® DPI 610 (Fig. 

3.5).A precision of ±0.025 psi is obtained.

The signal conditioning box has an output of 0 to 5 Volts. The calibration process 

consists of a consecutive adjustment of “zero” and “span” calibration screws in such a 

way that the maximum and minimum pressure values will be equivalent to 0 and 5 volts, 

respectively. The calibration curves are linear and are shown in figs 3.6 and 3.7
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Figure 3.5. Omega® DPI 610 pressure calibrator

Calibration curve-diaphragm 50 psi

20 30
Pressure, psi

Figure 3.6. Calibration curve for the 50 psi diaphragm.

Calibration curve-diaphragm 5 psi

Pressure, psi

Figure 3.7. Calibration curve for the 5 psi diaphragm.
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3.3 Data acquisition system (DAS)

The pressure data was gathered by using the “Instrunet” data acquisition system 

consisting of the data acquisition box and the control! (fig. 3.8). The DAS box

includes 16 analog inputs, 8 analog outputs, and 8 digital input and out put lines. The 

controller is an independent computer in itself that utilizes a 32-bit microprocessor and an 

onboard RAM to control all aspects of data acquisition process.

The Instrunet World Software manages monitors and operates the “Instrunet” network. 

Additionally, it digitizes long continuous waveforms, spools them to disk, views 

incoming waveforms in real-time and then allows post acquisition viewing much like a 

memory oscilloscope.

Figure 3.8. The Instrunet equipment

Data is recorded in one long continuous stream (fig. 3.9); or they are digitized in short 

segments where each segment begins after a specified triggered event (oscilloscope 

mode). Any one of the analog or digital input channels can be used as a trigger signal. 

Recorded data are stored into a temporary RAM memory or onto a permanent file on 

disk. The dialog box is programmed to indicate the sample rate and number of points 

digitized; the network page is used to select which channels are digitized. After setting 

up the system; the Network Save, “Start” or “Stop” or “Record” keys are activated to
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save, start, stop and save DATA on the RAM memory or to transfer them to disk (post

acquisition). The “Open” key loads waves from disk for viewing.

A spreadsheet format of the system is illustrated in fig. 3.10 and , used to set and view 

channel parameters such as sensor type, integration time, analog filter options, and digital 

filter options. Each channel has its own row in the spreadsheet, with the various options 

in the columns.

■HI■HI■ P 9
File Edit View R ecord Setup Hardware Script Help

1 Start Stop | Open | Save | Setup Print 1 T = 4 3 . 0 ,  Y = + 2 . 5 5 9 7 !

10 20

Network

5 Volts

-1.109009
C hT vin +..

-5

5 Volts

■1.093750

-5

30 40 50 1:00 1:10 1:20 1:30 1:40Min:Sec
d  Scale: Auto

Test Script
" 31-

Figure 3.9. Graphical data acquisition.
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Figure 3.10. Example of the “Instrunet” software setup

The pressure data saved were processed in Excel where the root-mean-square (RMS) was 

computed in order to quantify the intensity of the bottom hole pressure oscillations. The 

sample rate was set to 1000 points per second (estimated to be at least 3 umes of actual 

oscillations frequency). The root-mean-square (RMS) of X data representing the 

pressure/voltage variable values, is :

RMS = !=1
n

3.1
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3.4 Measurement of injected air flowrate

Two different air-calibrated variable-area rotameters are illustrated in figure 3.11: for a 

flow rate range of 0 to 26 SLPM (right hand side) and for 30 to 432 SLPM (left h a u u  

side). The flowmeter for the lower range is a correlated rotameter. This means that it is 

designed to measure the flow rate of different gases and even water. In this case that it 

was used to measure air (a perfect gas correlation was use to convert the reading into 

standard 1/m of air). The rotameter used for the higher range of flowrates is a direct- 

reading flowmeter, which means that the reading is in LPM at the specific conditions of 

pressure. The specifications for both flowmeters are shown in tables 3.2 and 3.3.

Figure 3.11. Direct-reading (left) and correlated (right) flowmeters
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Table 3.2. Specifications of the correlated flowmeter (0 to 26 SLPM of air)

Media liquid or gas

Flow rate
air 26,680 (mL/min)

water 745 (mL/min)

Accuracy ±2% full-scale

Repeatability ±0.25%

Material

Housing Aluminum

Flow Tube Borosilicate Glass

fitting Aluminum

o-ring Buna N

float 316 Stainless Steel

Max operating temperature 250°F (121°C)

Max pressure 100 psi

Connections 1/4" NPT(F)

Table 3.3. Specifications of the direct-reading flowmeter (30 to 300 LPM of air)

Media Gases

Flow rate (air) 30-280 LPM

Accuracy ±3% full-scale

Repeatability ±0.5% full-scale

Material

Housing Acrylic

fitting Brass

o-ring Buna N

float 316 SS

Max operating temperature 150°F (65°C)

Max pressure 100 psi

Connections 1/4" NPT(F)

Dimensions 1 3/8"W x 6 1/2"H x 2 1/8"D

Scale Metric, 100-mm
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When using the direct reading flowmeter for high flow rates, the air flow rates need to be 

adjusted for standard conditions at the nozzle exit. Assuming an isentropic expansion at 

exit of the nozzle the flow can be calculated as follows [39]:
i

Qi ~ Q\ E i .

.Pi .
4.2

Where k is the isentropic exponent that is equal to 1.402 in the case of air for 

temperatures smaller than 50 ° C. Table 3.3 shows these calculations for the air range of 

operation of the direct-reading flowmeter.

Table 3.4. Air range of operation for the direct-reading flowmeter

LPM
Pressure
(psig) SLPM

30 1.8 32.58
40 2.1 44.00
50 2.97 57.02
60 4.03 71.34
70 5.45 87.68
80 7.62 107.81
90 10.09 130.72

too 15.9 168.82
110 19.4 200.64
120 28.5 259.17
130 39.3 329.28
140 46.2 386.42
150 49.8 431.36

3.4 Experimental Procedure

3.4.1 Liquid preparation and physical properties

Tap water and water-methanol mixture were used for the tests. A mixture of 60 water - 

40% methanol by volume was prepared to modify the interfacial tension (IFT). The IFT
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value decreased from 72 dyne/cm (water) to 38 dyne/cm for the selected water-methanol 

mixture.

The liquid density was”calculated by measuring the volume of liquid in a calibrated cup 

and the weight of the cup with fluid. The density of the fluid was recorded as the ratio 

between weight and volume at the measured liquid temperature.

The liquid viscosity was determined using the Brookfield Viscometer Model DV-II[2]. 

The measured viscosity for water was 1.003 cP, for pure methanol 0.540 cP, and for the 

60/40% water-methanol mixture 1.710 cP.

The liquid properties were measured three times and an average value was used for 

calculations [2].

3.4.2 Experimental procedure

The experimental procedure is consisted of in six steps:

1. Calibrations: pressure transducers.

2. Adjustment of submergence: The storage tank was filled with the liquid up to a 

certain liquid level corresponding to the selected submergence value. Table 3.5 

shows the values used for the 4, 8 mm, 12 mm and 20 mm risers.

Table 3.5. Submergence level used for the 8, 12 and 20 mm risers

Liquid level from the gas injection point, cm
4.0 mm Riser 7.8 mm Riser 12.0 mm Riser 20.0 mm Riser

Liquid
level,

cm

Submergence
%

Liquid 
level, cm

Submergence
%

Liquid
level,

cm

Submergence
%

Liquid 
level, cm

Submergence
%

50.8 16.66 50.8 16.66 50.8 16.66 106.7 35.00
38.1 12.50 38.1 12.50 38.1 12.50 50.8 16.66
25.4 8.33 25.4 8.33 25.4 8.33 38.1 12.50
12.7 4.16 12.7 4.16 12.7 4.16 25.4 8.33

12.7 4.16
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3. Verification of proper operation of transducers: The bottomhole pressure was 

measured under static conditions and compared with the theoretical static pressure 

value,

4. Air flowrate adjustment: During a single run the airflow was kept constant. The 

gas flow rate varied according to the diameter of the selected observation tube. 

Table 3.6 shows the airflow rate range used for the experiments.

5. Recording of the liquid lifted: The mass flow rate was calculated by dividing 

the mass of collected liquid by the collecting (run) time. The value was recorded 

in Kg/min.

6. The above procedure was repeated from steps 3 to 6 until all the gas flow rates 

were completed.

For the experiments with the local turbulent promoters (LTP) procedure 3 to 6 was 

followed. Some experiments were selected to be captured in images by using a special 

camera.

After finalizing all the experiments for one submergence value, steps 2 to 6 were repeated 

for the other submergence values. In order to observe repeatability, the complete sets of 

experiments were repeated three times for a single riser.

Table 3.6. Air flow rate used for 4, 8, 12, and 20 mm ID riser

Air flow rate range employed, SL/min
4.0 mm Riser 7.8 mm Riser 12.0 mm Riser 20.0 mm Riser

0-2 0-100 0-200 0-432
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CHAPTER 4 

EXPERIMENTAL RESULTS AND ANALYSIS

The effectiveness of gas lifting is assessed by assessing the amount of liquid produced 

when a certain amount of gas is injected under a constant reservoir simulated pressure 

condition (submergence). Therefore, all experiments are mainly conducted under known, 

constant pressure and controlled gas injection flowrate. The amount of liquid produced 

and of gas injected is expressed in actual units (liters/min etc) or as superficial velocities. 

The use of superficial velocities offers the advantage of comparing the effectiveness of 

various diameters. For a pre-determined submergence and tube diameter a specific run 

characteristic is presented as the liquid production illustrated as a function of gas injected. 

The focus of previously completed experimental and numerical investigation [4] was 

assessing the effectiveness of 4mm, 8mm and 12 mm tube (SDT) to transport liquid 

under low submergence level. The two-phase flow pattern observed was mainly limited 

to the elongated bubble or pseudo slug flow pattem[2]. The negative effect of the 

downward liquid film flow was captured in a numerical model allowing to estimate the 

maximum depth allowed for an effective upward gas lifting and to transfer laboratory 

observations to field conditions.

The experimental investigations described in this work are considerably enlarging the 

envelope of previous work [2, 4], mainly through detailed observations made on the 

transition from slug to annular flow pattern. This is possible due to increasing the amount 

of gas injected and of the diameter of tubes up to 20 mm. The slug-to-annular transition 

was identified by direct observations of flow characteristics, by observing changes in the 

gas-liquid characteristic curve, and, through the record of pressure oscillation (RMS) 

employed for the first time in this context.

Therefore, the experimental results described in this study are observing the advantages 

and limitations of exploiting either the small-diameter tubes and pseudo-slug pattern 

conditions or, annular flow for various deliquification applications and the effect of
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transition between slug and annular flow on liquid transported under low reservoir 

pressure conditions.

Local turbulence promoters and change of interfacial tension effects, mainly on altering 

the base-line gas lift characteristics add another dimension to this experimental study.

4.1 Experiments with 20 mm ID tube using tap water

Figs. 4.1 and 4.2 summarize the effect of submergence level on gas lifting efficiency for 

20 mm tube (actual gas-liquid rates and superficial velocities are used in figs. 4.1 and 4.2 

respectively). The following salient observations are made from comparing the graphics 

with direct observations on flow nature.

a. Gas lifting production characteristics

For submergence in excess of 16.6% (16.6 & 35%) the production characteristic exhibits 

two maxima of liquid produced; visual observations are suggesting that the first maxima 

(observed at gas flowrates under 40 liters/min) marks the onset of transition from slug to 

annular flow and the second maxima occurs after the developed annular flow pattern is 

established. For submergences lower than 16.6% the first maxima (indicating the onset of 

slug-to-annular transition) is not observed as liquid production is initiated only after 

annular flow gas injection conditions are met (or during the final stages of STA 

transition). In summary, three check points are generally (for submergences exceeding 

16.6% and 20 mm ID) observed: 1. the onset of production (#1 fig. 4.1), 2.first maximum 

(corresponding to the end of slug flow pattern and beginning of STA transition) (#2 fig. 

4.1), 3. minimum liquid produced during STA transition (#3 in fig. 4.1), 4. the second 

maximum observed during the developed annular flow (#5 fig. 4.1), 5. a decline of liquid 

produced with increasing the gas injected, observed after the second maximum liquid 

production (annular) is achieved. For 20 mm diameter, and submergences under 16.6% 

the first maximum (slug) is not observed and the onset of production occurs only after 

annular flow is observed. A similar behavior is observed when superficial velocities are 

used in lieu of actual flowrates (fig. 4.2)
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b. Submergence (see table 3.5)

Figures 4.1 and 4.2 illustrate that for specific depth of the observation tube (3 m) an 

increase of submergence from 16.6 to 35% will increase the liquid flowrate by 

approximately 3 to 5 times. Further on, it is not possible to produce any liquid as a slug 

flow pattern for submergences under 16.6% and this is consistent withy all 

recommendations used for de-liquefactions where a developed annular flow is considered 

to be essential [3].
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Figure 4.2. Superficial liquid velocity as a function of superficial air velocity for the 20 
mm ID tube (tap water)

4.1.1 Visual observations (20 mm ID and tap water)

Figs 4.1 to 4.2 show pictures of the two-phase flow for gas velocities between 10 and 23 

m/s at 4.16% submergence. Under these conditions slug or pseudo-slug pattern was not 

detected and visual observations suggest a transition from slug/churn to annular taking 

place.

A liquid film-core flow has been observed; however is difficult to notice if the film is 

flowing in the upward (annular) or the downward direction (typical for slug). It appears 

that for lower submergence experiments (figs 4.3 (a), 4.4 (a)) the waves tends to be 

bigger in amplitude compared to higher submergence levels under similar superficial air 

velocities (figs 4.5 (a), 4.6 (a)). Yet, once When the gas injected rate is further increased 

the size of the waves tends to decrease for all submergence levels (fig.s 4.2 (b) (c), 4.3 (b) 

(c), 4.4(b) (c), 4.5(b) (c) (d)). The amount and size of droplets formed seems to be 

dependent also on the submergence level and superficial air velocity as can be observed 

in pictures 4.2 to 4.5. Fig.s 4.2 (a), (b), (c), (4.16 % submergence) show no significant 

amount of droplets formed for any of the superficial air velocities used. For higher 

submergence levels, say 12.5 % (Fig. 4.4, Ugs = 6.63 m/s) and 16.66 % (Fig 4.5, Ugs 

=7.58) the amount of droplets formed are higher compared to lower submergence levels. 

For lower superficial air velocities the droplets tend to readily redeposit into the film due 

to their bigger size. Once the air injected is increased the droplets can be easily lifted and 

decrease significantly in size. For lower air rates the main mechanism of entrainment 

may be the breakdown of the wave by undercutting whereas for higher air flow rates the 

main mechanism may be when the crest of the wave is moved upward by the gas 

breaking it into [6] drops.
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(a) (b) (c)

Figure 4.3. Photographic evidence of CTA (4.16% submergence, ID=20 mm) (a) Ugs = 
10.61 m/s. and Uls = 0.035 m/s (b). Ugs = 17.45 m/s and Uls = 0.105 m/s (c) Ugs = 22.9 
m/s and Uls = 0.119 m/s

(a) (b) (c)

Figure 4.4. Photographic evidence of CTA (a) Ugs = 8.01 m/s. and Uls -  0.0356 m/s (b). 
Ugs = 17.45 m/s and Uls = 0.120 m/s (c) Ugs = 22.9 m/s and Uls = 0.127 m/s
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(a) (b) (c)

Figure 4.5. Photographic evidence of CTA (a) Ugs = 6.63 m/s. and Uls = 0.0343 m/s 
(b). Ugs = 17.45 m/s and Uls = 0.148 m/s (c) Ugs = 22.9 m/s and Uls = 0.149 m/s

(a) (b) (c) (d)

Figure 4.6. Photographic evidence of CTA (16.66 % submergence 20 mm ID) (a) Ugs = 
7.58 m/s. and Uls = 0.071 m/s. (b) Ugs = 10.77 m/s and Uls = 0.136 m/s (c). Ugs = 17.45 
m/s and Uls = 0.185 m/s (d) Ugs = 22.9 m/s and Uls = 0.189 m/s

In fig.s 4.3 (b), 4.3 (c), 4.4 (b), 4.4 (c), 4.5 (b), 4.5 (c), 4.6 (c), 4.6(d) annular flow is fully 

developed. The entire film appears to move upwards. While in fig.s 4.3 (a), 4.4 (a), 4.5

(a), 4.6 (a) and 4.6 (b) a reverse of film direction appears to take place
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4.1.2 Bottom Hole Pressure (BHP) Oscillations (D=20 mm)

Oscillations of FBHP are detected even after liquid and gas flowrates are stabilized. 

These pressure oscillations are related to void fraction variations along the riser and 

represents a valuable information on gas-liquid flow stability. Since the frequency of 

pressure oscillations can be up to 100 Hz an instrument designed for 1000 Hz was 

selected.

The root mean square RMS was calculated (eq.3.1) to assess the statistical magnitude of 

pressure oscillations. Figs 4.7 (a) to 4.7 (d) shows the RMS of the BHP versus 

superficial air velocity for submergence between 8.33-16.6%.

A maximum RMS is reached for a superficial air velocity of around 3 m/s regardless of 

submergence. This observation holds for submergences under 8.33% when no liquid 

production is recorded (see fig. 4.2) under U(gs)=5 m/s. However, a two phase upflow is 

visible up to a level under the top of the tube where net liquid production is recorded. 

This maximum RMS is an indication of the existence of an instable transitional flow, and 

is assimilated to the first stage of slug-to-annular flow pattern transition indicated in the 

literature as chum flow. In the case of 4.16% submergence the measured static pressure 

(no air flow) is 0.18 psi (5 in Column of water) and the maximum RMS recorded at 

flowing conditions is 0.271 psi. For 8.33 % the static pressure is 0.34 psi (10 in Column 

of water) and the maximum RMS recorded is 0.44 psi. For higher submergence levels 

this difference tends to decrease.
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Figure 4.7. RMS of oscillating BHP for 20 mm ID tube, (a) 4.16 % submergence, (b) 
8.33 % submergence, (c) 12.5 % submergence, (d) 16.66 % submergence.

With further increasing of injected air (after approximately 3 m/s when max, RMS is 

observed) a slow decline of the RMS value is observed for all submergences (figs. 4.7 a- 

d), until a minimum value is reached.

Therefore, the maximum detected RMS value doesn’t depend on submergence but the 

minima observed after this maxima appears to be a function of submergence, or, 

implicitly of liquid transported.
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Figures 4.8 (a) and 4.8 (b) compare both the amount of liquid transported and the RMS as 

functions of gas injected for two extreme submergences of 16.6 and 4.16%. A good 

coincidence between minima of water transportation (observed after the entrance into 

slug-to-chum transition) and maxima of RMS is observed for the 16.6% submergence 

(where net liquid production has been recorded). When combined with visual 

observations, the maxima of RMS indicating a high instability condition, is defined as an 

indication of churn gas-liquid activity or the first stage of slug-to-annular transition.

Fig. 4.8 (a) is for submergence level of 16.66 % and it can be observed form it that when 

the minimum water produced is reached the RMS reading is the highest. Conversely, the 

values of RMS for higher water produced are smaller. This indicates that the liquid 

holdup in the tube is bigger when less water is being produced contributing to rise the 

pressure losses. Fig. 4.8 (b) is for 4.16 submergence level. In this case no water is 

produced for superficial air velocity smaller than 8 m/s. The RMS values increases 

linearly with superficial air velocity as more water is produced. The water curve appears 

to be reaching its maximum point (fig. 4.8 (b)) at 22 m/s of superficial air velocity. After 

the water produced starts to decrease it is likely that the RMS curve will increase even 

faster. However, there was no more air available to attain higher superficial air velocities 

for the 20 mm tube.
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Figure 4.8. Comparison of RMS and water production curves for the 20 mm tube, (a) 
16.66 % submergence level, (b) 4.16 % submergence level.

4.2 12 mm tube

Fig. 4.9 summarizes gas lifting characteristics [U(ls)=F(U(gs)] obtained for different 

submergence during this study and during a previously completed experimental study 

using a similar setup but with limited gas injection facilities [2]. A good reproducibility 

between present data and previously obtained data [2] is observed. However, this study 

reveals the behavior of air-water upward transport for a broader range of gas injection 

including the transition from slug-to-annular flow patterns.
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Figure 4.9. Superficial liquid velocity versus superficial air velocity for (12 mm ID and 
tap water).

The general shape of the gas lift production characteristics previously commented for 20 

mm tube is also kept for 12 mm tubes at 16.6% submergence (figs. 41-4.2). However, the 

relative amount of net liquid transported as a pseudo-slug (#2 fig. 4.9) is by 

approximately 25% higher than the maximum liquid transported in the annular flow 

pattern (#4 fig.4.9). This situation is reversed (more liquid is transported as annular than 

as slug) for 20 mm tubes (fig. 4.2). In absolute values, a maximum superficial liquid 

velocity of approximately 0.189 m/s is achieved under annular flow pattern transportation 

with 20 mm tubes (16.66 % submergence), the maximum transported liquid under slug 

flow pattern being of approximately 3 times lower at same submergence in 12 mm-tubes 

(In terms of water volume it is 8.5 times lower).

54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



It is important to remark that the superficial air velocity for which the maximum amount 

of water is produced under “pseudo slug” flow appears to be independent on the 

submergence level. On the contrary, the superficial air velocity for which the maximum 

water produced is attained as annular flow depends on the submergence level.

The minimum production (specific to STA first transition stage indicated as a churn flow 

#3 fig. 4.9) is 50-400% under the maximum superficial liquid velocity recorded as slug or 

even annular flow pattern (fig. 4.9).

4.2.1 Visual observations (12 mm tube)

Figs 4.10 and 4.11 are snapshots taken during assumed annular flow (at 4.16 % and 16.66 

% submergence). It is difficult to assess through direct observations the moment when 

annular flow is fully developed (end of transition). However, from inspecting the 

superficial velocity diagrams (fig. 4.9) the transition occurs between 11 and 14 m/s of 

superficial air velocity. Figs 4.10 (a) and 4.11 (b) show the two phase flow for a 

superficial air velocity of almost 11 m/s for the submergence 4.16 % and 16.66 % 

respectively. The main difference observed for these two levels of submergence is in the 

thickness of the film, which appears to be higher for lower submergence. In this case, the 

gas-droplets core (specific to annular flow) is completely developed.

If more air is injected the thickness of the film decreases and only upward, co-current 

gas-liquid film has been noticed (Figs 4.10 (b), 4.10(c), 4.11 (b), 4.11(c)).
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(a) (b) (c)
Figure 4.10. Photographic evidence of water-air upward transportation (4.16% 
submergence 12 mm ID) (a) Ugs = 10.89 m/s. and Uls = 0.0061 m/s (b). Ugs = 16.25 
m/s and Uls = 0.0172 m/s (c) Ugs = 23.9 m/s and Uls = 0.019 m/s

Other important difference between the two submergence levels (4.16 % and 16.66 %) is 

formation of droplets. It can be observed that there is little formation of droplets for 4.16 

% submergence level (fig. 4.10), whilst there are more droplets for 16.66 % submergence 

level (fig. 4.11). Certainly, due to the high speed of the gas core at the conditions for 

which the pictures were taken it is required a different method to quantify the droplet 

entrainment. Yet, it is enough to have a qualitative idea of the droplet creation.

(a) (b) (c)

Figure 4.11. Photographic evidence of water-air upward transportation (16.66% 
submergence 12 mm ED) (a) Ugs = 10.89 m/s. and Uls = 0.062 m/s (b). Ugs = 16.25 m/s 
and Uls = 0.057 m/s (c) Ugs = 23.9 m/s and Uls = 0.0475 m/s
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4.2.2 Bottomhole pressure (BHP) (12 mm ID)

The measured RMS of the BHP versus superficial gas velocity is illustrated in fig. 4.12 

and indicate a similar shape as detected with 20 mm tubes (fig.4.8 a) with a maximum 

value indicating the occurrence of the slug-to-annular transition (churn)
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Figure 4.12. RMS of oscillating bottomhole pressure (12 mm ID) (a) 4.16 % 
submergence, (b) 8.33 % submergence, (c) 12.5 % submergence, (d) 16.66 % 
submergence.
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Figure 4.13. Comparison of RMS and superficial water velocity versus superficial gas 
injected velocity (12 mm tube), (a) 16.66 % submergence level, (b) 8.33 % submergence 
level.

The effectiveness of liquid transport is reflected in the RMS of flowing bottomhole 

pressure. As can be observed in figs. 4.13 (a) (16.66 % submergence) and 4.13 (b) (8.33 

% submergence) the points where more water is produced correspond to relatively low 

RMS values. Conversely, the points of less water produced (within the chum flow) 

correspond to higher values of RMS. Once the water produced starts declining 

drastically (developed annular flow), so does the RMS value but increasing.

4.3 Experiments with the 8 mm ID tube.

Similarly to 12 mm tubes, for 8 mm the superficial velocity of liquid transported under 

pseudo-slug flow pattern exceed the maximum achieved under annular flow pattern (fig. 

4.14).
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The oval in fig. 4.14 marks the first stage of slug-to-annular transition (churn). The 

maxima of liquid transportation, observed for 20 and 12 mm tubes in the annular flow 

pattern region is hardly visible with 8 mm tubes (fig.4.14).

There is a point in which the liquid film is completely blown off and no water is 

produced. This occurs for superficial air velocities higher than 15 m/s (fig. 4.14).

16.66%  —* — 4.16%  —*— 16.66 % Becaria [2]

~  0 .08 - 
E 0 .06 - 
J  0 .04 - 
3  0.02 -

JUL..

0 10 15 205

Ugs (m/s)

Figure 4.14. Superficial liquid velocity versus superficial air velocity (8 mm ID)

4.3.1 Oscillations of bottomhole pressure (BHP) with 8 mm ID

Turbulent structures and film reversing flow conditions induce a much lower level of 

oscillation. The maximum value of RMS recorded for 4.16 % submergence is 0.21 psi, 

which is much lower than that of the other two tubes under the same condition.
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Figure 4.15. RMS of Flowing Bottom Flow Pressure for the 8 mm ID tube, (a) 4.16 % 
submergence, (b) 16.66 % submergence.
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Figure 4.16. Comparison of RMS and water production curves for the 8 mm tube and 
16.66 submergence level.

Fig. 4.16 compares the shape of the RMS and water production versus superficial gas 

velocity for 16.66 % submergence level. Again the maximum point of RMS recorded 

corresponds to the minimum in water production within the ST A transition.

4.4 The effect of tube diameter

Each tube employed has a range of operation for which there is an advantage over the 

other ones. Fig. 4.17 (a) shows that for very low submergence level (4.16 %) the 20 mm 

tube has significant more capability to unload water than the other tubes. Certainly, it is 

required to inject a lot more air to accomplish this and with the energy itself of the 

reservoir is not enough to lift any liquid. The onset of production for the 20 mm tube and 

12 mm tube is similar (8.7 m/s of superficial air velocity). In terms of barrels a day 

which is a more common way of quantifying the flow in a gas field, the maximum that 

could be transported with the 20 mm tube for 4.16 % submergence is about 20 barrel/day.

Regarding the 8.33 % submergence value (fig. 4.17 b), from an efficient point of view, 

the 4 mm tube performs better for the range 0.45 to 3 m/s of superficial air velocity. Yet,
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in terms of volume the 12 mm tube has more capability to lift water in this range of 

superficial velocity. When using a superficial air velocity as low as 0.29 m/s the 4 mm 

tube is the only one that lifts some liquid. If a superficial air velocity higher than 6.6 m/s 

is utilized with a lift system as the one used, the 20 mm has significant more capability in 

lifting water than the other tubes. Similarly, this occurs with 12.5 % and 16.66 % 

submergence value in which the 20 mm tube is superior for high superficial air velocities. 

In the range of lower air velocity the 4 mm tube is more efficient for 12.5 % submergence 

value but for 16.66 % submergence value the 8 mm value is more efficient. However, 

the 12 mm and 20 mm tube lift more volume of water for the submergence levels 12.5 % 

and 16.66 % respectively.

The occurrence of the critical points in terms of superficial air velocity is very similar for 

all the tubes considering the 16.66 % submergence value (fig. 4.17 d).
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Figure 4.17. Superficial water velocity versus superficial air velocity for 20 mm, 12 
mm, 8 mm and 4 mm tubes, (a) S=4.16 % (b) S=8.33 %(c) S=12.5 % (d) S=16.66 %
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4.4.1 Comparative observations regarding the oscillations of bottomhole pressure

The RMS values tend to be lower for smaller diameter tubes either (regardless of 

submergence fig. 4.18 la) and (b)). However for 0 to 1.5 m/s superficial air velocity the 

RMS values measured in 12 and 20 mm tubes and S=4.16% are similar (fig. 4.18 a). 

They are also similar for the air range of 0 to 2.7 m/s for 16.66 % submergence (fig. 4.18 

b). The maximum value of RMS occurs at a similar superficial air velocity regardless of 

tube diameter (fig. 4.18 a, b).
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Figure 4.18. Comparison of RMS with 8, 12 and 20 mm tubes (a) S=4.16 %
(b) S=16.66 %
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4.5 Water-methanol (W-M) mixture (ID=20 mm)

To observe the effect of surface tension on gas lift liquid transport characteristics a 40- 

^0% methanol-water mixture (properties in table 4.1) was used instead of tap water. The 

submergence levels used were the same as those used for the tap water. It is important to 

note that since the water-methanol mixture is 5.2 % lighter than the tap water, the 

hydrostatic pressure of a column of tap water is 5.2 % greater than that of the mixture. 

The surface tension undergoes a significant change from 72 Dynes/cm to 38 Dynes/cm. 

The viscosity increases approximately from 1 cp to 1.71 cp. Though the goal of using 

this mixture was to observe the effect in decreasing the surface tension, the viscosity and 

density affect the results as well.

Table 4.1. Physical properties of water, methanol and water-methanol 60:40 mixture [2]

Temperature 20 °C
Pressure 101.3 Kpa

PURE Molecular weight Density @ Viscosity Surface Tension
COMPOUNDS [g/mol] SC, [g/cm3] cP @ SC (25°C)

Metanol 32 0.791 0.58 22.5
Water 18 0.998 0.99 72

METANO L-WATER MIXTURE

MIX 
Methanol-Water %

Molar

Fraction

Vise. Mix 
@ 21 °C 

cP

Surface tension 
@ 21°C 

Dyne/cm

Density 
@ 21°C 
g/cm3

4 0 -6 0 0.27 1.71 38 0.947

Figs. 4.19 (a) to (b) compare the results for the water-methanol mixture and tap water. 

Particularly, for 16.66 % submergence level (fig. 4.19 a), the onset of production for the 

mixture is observed at a slightly smaller superficial air velocity than for water only (0.53 

m/s for the mixture and 0.61 m/s for the tap water). There is a range of superficial air 

velocity in which the production of the water-methanol mixture exceeds the tap water ( 

by 15 % at U(gs)=6.62 m/s). This effect (observed at 4.5 <U(gs)<8.5 m/s) appears to be
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characteristic only for the first stage of STA transition or churn flow. The reduction of
O

surface tension will reduce the maximum liquid unloading (obtained at U q  = 20 m/s by

12% (due mainly to reduction of droplet generation and film-core interface stabilization 

effect). It also will accelerate the STC transition with some positive effects on reducing 

the level of instabilities (generate by the flooding occurrence and intensity). Therefore, by 

reducing the surface tension (and this maybe the case when oil-steam is involved etc) the 

STC transition range is reduced, but, also, the effectiveness of deliquification measured 

through maximum achievable liquid superficial velocity) is also negatively lowered.

At lower submergence levels the onset of production is observed during a final stage of 

STA transition when the annular flow pattern is possible. Insignificant liquid transport 

differences only are noticed between W-M and water only.

The onset of production occurs at 3.4 m/s, 6.6 m/s, 8.75 m/s for 12.5 %, 8.33 % and 4.33 

% submergence level respectively as can be seen in figs 4.19 b, c, and d. The production 

of tap water compared to the water-methanol mixture within the onset up to 10 m/s of 

superficial air velocity is very similar for these levels of submergence. After that the 

difference is bigger in favor of the tap water being 31 % for 4.16 % submergence level 

(fig. 4.19 d).
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(d)
Figure 4.19. Superficial liquid velocity as a function of superficial air velocity for the 20 
mm ID tube using the water-methanol mixture, (a) S=16.66 %. (b) S=12.5 % (c) S= 8.33 
% (b) S=4.16 %
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4.5.1 The bottomhole pressure oscillations (ID=20 mm) and W-M

The RMS of the water-methanol mixture tends to have a lower value than that of the tap 

water as can be seen in fig. 4.20. The RMS maximum point at STA transition occurs at 

very similar superficial air velocities and the shape of the curves is similar for each 

submergence level. Though, the difference between maximum point of the RMS in the 

transition and the minimum RMS for the mixture is less significant than for the tap water.
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Figure 4.20. Comparison of RMS versus superficial gas velocities for water only and W- 
M mixture measured with 20 mm ID (a) S=4.16 % (b) S=8.33 % (c) S=12.5 % (d) 
S=16.66 %
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4.6 Water-methanol (W-M) mixture and D=12 mm

As can be seen the shape of tap water and the W-M mixture curves are similar and 

maximum point of STA transition occurs at similar air superficial velocities; Foi ihe 

whole gas velocity range (including the slug, STA transition and developed annular) the 

liquid upward transport effectiveness of M-W is significantly inferior to water only. This 

observation is valid for SDT as experiments performed in 20 mm tubes indicate “mixed” 

results (fig 4.19). The lifting of the mixture compared to tap water in the 12 mm riser is 

more affected than in the 20 mm tube, especially in the “pseudo slug” and chum region. 

For instance, for 16.66 % submergence level the production of liquid decreases up to 36 

% in the “pseudo slug” for the 12 mm tube whilst in the 20 mm tube it is decreased only 

by 18 %. And in the churn region there is some range for the 20 mm tube in which there 

is even more production with the mixture. Whereas the difference between tap water and 

mixture produced in the churn region for the 12 mm tube can be up to 37 %.
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Figure 4.21. Superficial liquid (W-M) velocity versus superficial air velocity (12 mm ID 
S=16.66 %)
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4.6.1 Oscillations of bottomhole pressure (D=12 mm, W-M mixture)

For the whole range of air superficial velocities, the measured RMS values for W-M 

mixture are lower than for water only (fig. 4.22). For 4.166 % submergence (fig. 4.22 a) 

the difference between tap water and W-M mixture are somehow smaller than differences 

observed for 16.66 % submergence (fig.4.22 b).
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Figure 4.22. RMS of Flowing Bottom Flow Pressure for the 12 mm ID tube, (a) 4.16 % 
submergence, (b) 8.33 16.66 % submergence (water-methanol mixture and tap water)

4.7 RMS for 20 mm and 12 mm tubes with W-M

Similarly as the experiments with tap water the 12 mm tube tends to have smaller RMS 

values than that of the 20 mm tube which indicates lower degree of pressure oscillation.
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However, for small superficial air velocities (0-1.5 m/s) the RMS values are comparable 

as observed in fig. 4.23 b. In this range the superficial liquid velocity is bigger or similar 

for the 12 mm tube than for the 20 mm tube, which can cause similar degree of pressure 

oscillation.
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Figure 4.23. RMS recorded for 12 and 20 mm tubes, (a) S=4.16 % (b) S=16.66 %

4.8 Effect of local turbulent promoters (LTP)

In order to observe the LTP effect on overall liquid production efficiency and alterations 

of the base-line production characteristics due to a local reduction in diameter (Chapter
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#3) a LPT device was inserted at pre-determined depth levels. The LTP is reducing the 

flow area from 20 to 17 mm. Experimental data indicates a negligible (if any) positive 

effect in increasing the liquid transported in 20 mm tubes. For the 20 mm tube two 

different LTP (19 irini and 17 mm ID) were employed as well as for the 12 mm tube (19 

mm and 17 mm ID) and one LTP (7 mm ID) for the 8 mm tube. The location of LTP 

was varied only for the 20 mm tube which was at middle (1.5 m from exit), bottom (0.75 

m from injection point) and top (0.75 m from exit). For 12 mm and 8 mm tube the LTP 

were located at middle only. Certainly this LTP creates an extra pressure drop for the 

two phase flow due to the turbulence that is generated. Nevertheless it also helps to 

encourage the atomization and entrainment of droplets in the air phase.

4.8.1 LTP experiments (D=20 mm)

The insertion of 19 mm ID LTP (area reduction of 9.75 %), indicated an insignificant 

effect for the case of 4.16 % submergence level regardless the LTP position (fig. 4.24 a). 

In the case of 16.66 % submergence value there is a reduction of up to 28 % in the 

transition from “pseudo slug” flow to churn flow when using two 19 mm LTP ( top and 

bottom, fig. 4.25 a.). There is not a visible difference in the onset of production between 

the base line (BL -  no LTP) case and 19 mm LTP Within the three different 

placement/configurations of 19 mm LTP the one that showed to have more effect in the 

liquid lifting was the two LTP (top and bottom).

The area reduction with 17 mm LTP is 27 % and amore visible effect of the base-line 

production characteristic than observed with 19 mm LTP is observed in figs 4.24 b and 

4.25 b. Considering the 4.16 % submergence level (fig. 4.24 b) the decrease of water 

produced appears to augment with increasing of air injection. The onset of production for 

this submergence level is not affected by LTP. For the 16.16 % submergence level there 

is a reduction in liquid lifting for the whole air range of operation when using the 17 mm 

ID LTP (fig. 4.25 b).

In the annular region the difference between the water produced without LTP and with 

LTP tends to increase. This difference is not significant for the velocity ranges between
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the point of local minimum production and annular flow. The least effect is indicated 

when LTP are positioned in the middle. The Two-LTP configuration appears to reduce 

even more the production. The LTP located at the bottom has an intermediate effect in 

ihe production.
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Figure 4.24. Comparison of superficial liquid velocity as a function of superficial air 
velocity for the 20 mm ID (the base line and three different LTP placements for S=4.16 
%. (a) 19 mm LTP (b) 17 mm LTP
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Figure 4.25. Superficial liquid velocity as a function of superficial air velocity for the 20 
mm ID tube using three different placements of LTP’s for S=16.66 %. (a) 19 mm LTP (b) 
17 mm LTP

4.8.1.1 RMS with LTP

It is observed in figs. 4.26, 4.27, 4.28, 4.29, 4.30 and 4.31 that for low superficial air 

velocities (0 to 2.3 m/s) there is no difference in the RMS regardless the use of LTP and 

its location. This occurs for low submergence levels (figs) because there is no water 

lifted under low air injection and the LTP is not even reached with the water. The peak 

RMS values in the transition region tend to be lower when using LTP at the middle of the
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tube (fig.s 4.26 to 4.335). Though the 17 mm ID LTP imposes a bigger local diameter 

reduction does not increase the oscillations in the transition region as seen in figures 4.26 

to 4.32. For very low submergence level (4.16 %, fig. 4.26) the RMS values in the 

annular flow region, when employing the 19 mm ID LTP, have the trend to be lower 

when compared to the base line. That is not the case of the bigger area reduction (17 mm 

ID LTP), which generally has bigger values in the annular region.
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Figure 4.26. RMS versus gas superficial velocity for base-line and for two LTP designs 
positioned at Vi depth (20 mm tube, S=4.16 %)
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Figure 4.27. RMS versus flowrate of gas for base-line and 19 mm LTP’s positioned at 
Vi, top and bottom (20 mm tube, S=4.16 %)
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Figure 4.28. RMS versus gas superficial velocity for base-line and three 17 mm LTP’s 
positions (20 mm tube, S=4.16 %)
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Figure 4.29. RMS versus gas superficial velocity for base-line and for two LTP designs 
positioned at Vi depth (20 mm tube, S=8.33 %)
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Figure 4.30. RMS versus gas superficial velocity for base-line and two 19mm LTP 
positions (20 mm tube, S=8.33 %)
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Figure 4.31. RMS versus gas superficial velocity for base-line and two 17 mm LTP 
positions (20 mm tube, S=8.33 %)
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Figure 4.32. RMS versus gas superficial velocity for base-line and two LTP designs 
positioned at xh  depth (20 mm tube, S=12.5 %).

Figures 4.26, 4.29, 4.32 and 4.35 compare the performance of the two LTP employed in 

the 20 mm tube located at haft of the tube. Basically, they have similar behavior in the 

transition region where the RMS values are similar. However for the annular region the 

17 mm ID LTP imposes bigger oscillations generating bigger values of RMS except for 

S= 16.66 % (figure 5.35) where their RMS values are similar.

—• — Base Line (BL) —* — 19 mm ID LTP at middle

—* — 19 mm ID LTP at Bottom
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0.6 
^  0.59xmu.
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0.57

s  0.56  

0.55

0.54

0 5 20 2510 15

Ugl (m/s)

Figure 4.33 RMS versus gas superficial velocity for base-line and two LTP designs 
positioned at Vi depth (20 mm tube, S=12.5 %)
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Figure 4.34 RMS versus gas superficial velocity for base-line and 17 mm LTP’s 
positioned at bottom and Vz depth (20 mm tube, S=12.5 %)
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Figure 4.35 RMS versus gas injected for base-line and two LTP designs positioned at V2 
depth (20 mm tube, S=16.6 %)
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Figure 4.36 RMS versus gas injected for base-line and 19 mm LTP designs positioned 
at Vz depth, bottom and top (20 mm tube, S=16.6 %)
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Figure 4.37 RMS versus gas injected for base-line and 17 mm LTP designs positioned 
at Vz depth, bottom and top (20 mm tube, S=16.6 %)

When comparing how the position of the LTP’s affects the degree of oscillation it is 

observed from graphs 4.28 and 4.37 that the use of two 17 mm ID LTPs at top and 

bottom contributes to increase the RMS in the annular region. The effect of these two 

LTPs in the transition region compares with the other designs from the oscillations point
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of view. The RMS results for the different positions for the 19 mm ID LTP are not 

significantly different from each other even if two 19 mm ID LTP (top and bottom) are 

inserted (figure 4.36).

4.8.2 LTP for SDT

The insertion of LTP at the middle of the 12 mm tube for very low submergence level 

tends to improve the water produced under annular flow (fig. 4.38). The onset of 

production is not affected by the 11 mm ID and 9 mm ID LTP. As seen in fig. 4.38, the 

11 mm LTP (16 % of reduction of flow area) indicates the best performance when 

compared to base-line and 9 mm LTP (reducing the flow area by 43.75 %). For higher 

submergence level the water production improvement observed with LTP (either 9 mm or 

11 mm ID LTP) tends to decrease (figs 4.39, 4.40, 4.41). It is likely that despite the LTP 

promotes the atomization of the film, therefore, the creation of droplets; the transporting 

of the liquid as film becomes more important if the submergence level is higher. Since 

the LTP restricts the flow of the film, it ends having a negative effect in the liquid 

transporting. Within the range of slug flow (figs. 4.39 to 4.41) the use of LTP lower the 

water produced significantly. In this case the local area reduction imposed by the LTP 

obstructs the flow of the liquid slug partially destroying it.

Line (BL) D  LFT a t  middleID LTP a t  middle —6 —
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Figure 4.38 Superficial liquid velocity versus superficial air velocity for the 12 mm ID 
tube for 4.16 % submergence using two different LTP positioned at 1/2 of tube depth

83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



B ase  line (BL) 9  m m  ID L P T  a t m iddle11 mm ID L T P  a t m iddle

0.03

0.025

0.02

£  0.015

0.01

0.005

Usg (m/s)

Figure 4.39 Superficial liquid velocity versus superficial air velocity for the 12 mm ID 
tube for 8.33 % submergence using two different LTP positioned at Vi depths
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Figure 4.40 Superficial liquid velocity as a function of superficial air velocity for the 12 
mm ID tube for 12.5 % submergence using two different LTP at the middle of the tube
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Figure 4.41 Superficial liquid velocity as a function of superficial air velocity for the 12 
mm ID tube for 16.66 % submergence using two different LTP at the middle of the tube

4.8.2.1 Photographic evidence ((12 mm tube equipped with 11 mm LTP)

Photographic evidence is shown in figs 4.42 and 4.43. As It is observed in figs 4.42 and 

4.43 (base-line and LTP) that LTP promotes the atomization and entrainment of droplets. 

It seems that when transporting small amount of water (4.16 % submergence) under 

annular flow regime with this tube the lifting of liquid as droplets can be bigger than as a 

film. Even if at any time it appears that there is more water contained in the film than in 

the droplet core, the sizable difference between the upward film and droplet-gas core 

velocities suggests that water is mainly transported as droplets in the gas core.
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(a) (b) (c) (d)

Figure 4.42. Snapshots comparing the base-line and LTP gas-liquid upward flow in 12 
mm tube and S=4.16 % (a) Ugs = 10.89 m/s with 11 mm LTP. (b) Ugs = 10.9 m/s 
without LTP. (c) Ugs = 23.9 m/s with 11 mm LTP. (b) Ugs = 23.9 m/s base-line

Figure 4.43. Snapshots comparing the base-line and LTP gas-liquid upward flow in 12 
mm tube and S=16.16 % (a) Ugs = 10.89 m/s with 11 mm LTP. (b) Ugs = 10.9 m/s 
without LTP. (c) Ugs = 23.9 m/s with 11 mm LTP. (b) Ugs = 23.9 m/s base-line

4.8.2.2 RMS for 12 mm tube with LTP

The results are summarized in figs 4.44, 4.45, 4.46, 4.47. RMS versus superficial gas 

velocity illustrated in figs. 4.44-4.47 indicate a comparable or somewhat higher values 

than for LTP experiments than for base-line. For extreme high superficial air velocities 

the RMS using the 9 mm LTP indicates a remarkably lower values than with the 11 mm 

LTP and base-line. This is an indication that for very high superficial air velocities it is
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possible to transport more liquid in SDT tube using a larger area reduction (9 mm ID 

LTP). However, this statement is limited to laboratory conditions; the film-core 

conditions typical for base-line experiments are re-gained after a certain distance from the 

LTP or a great number of LTP should be introduced.

• Base Line (BL) —• — 11 mm ID LTP 9 mm ID LTP
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Figure 4.44 RMS versus superficial gas velocity observed for the base-line and two 
sizes of LTP located at Vi of depth (12 mm tube and S= 4.16 %)
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Figure 4.45 RMS versus superficial gas velocity observed for the base-line and two 
sizes of LTP located at V2 of depth (12 mm tube and S= 8.33 %)
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Figure 4.46 RMS versus superficial gas velocity observed for the base-line and two 
sizes of LTP located at Vi of depth (12 mm tube and S= 12.5 %)
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Figure 4.47 RMS versus superficial gas velocity observed for the base-line and two 
sizes of LTP located at Vi of depth (12 mm tube and S= 16.6 %)

4.8 Experiments with 8 mm tube using LTP

Figs. 4.48 and 4.49 compares the RMS obtained for base-line and for tubes with LTP 

inserts. The volume of liquid transported with this tube is very limited compared with the
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12 mm and 20 mm. The peak value of the RMS tends to be much higher with the 7 mm 

LTP than for the base line test. (fig. 4.48, 4.49) and this difference grows with 

submergence level. This is not the case, as previously discussed, for the 12 and 20 mm 

tubes where this difference at peak RMS value tends to be diminished with increasing of 

submergence.
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Figure 4.48. RMS of FBHP for 8 mm tube using 7 mm ID LTP for 4.16 % 
submergence level.
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Figure 4.49. RMS of FBHP for 8 mm tube using 7 mm ID LTP for 16.66 % 
submergence level.
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CHAPTER 5 
NUMERICAL ANALYSIS

In this chapter the experimental data is compared with theoreiiuni models presented in 

chapter 2. Chen -Brill model [12] and the Tengesdal empirical formulation [20] for the 

prediction of slug-churn transition. These results are compared with the experimentally 

values observed for each tube and submergence level as well. Then Turner and Flow 

Reversal models describing churn-annular (developed) are utilized to calculate this 

transition boundary. Further, the experimental data obtained in this study (within the 

range of slug-to-annular transitions) are compared with Putra [8] and Ansari [7] models. 

These models have been written using an Excel program with suitable macros used for 

introducing specific input conditions.

5.1 Slug-churn transition stage

Fig. 5.1 compares the experimentally obtained gas lift characteristic (D=20 mm, 

S=16.6%) with transition points calculated for water-air using Tengesdal and Pura’s 

models for transition stage slug-churn. As observed in fig. 5.1 the Chen-Brill model 

predicts very well the boundary for this transition whereas Tengesdal correlation 

indicates a much higher superficial gas velocity.

a  C h e n  & Brill ■  T e n g e s d a l— * — E xperim en ta l

0.06 i
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0.04 - 

^  0.03 - 
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0 2.5 5
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Figure 5.1 Calculated slug-churn transition boundary and the production characteristic 
determined in this study (D=20 mm S= 16.66 %)
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Experiments performed in 12 mm tube indicate a net liquid production (pseudo-slug flow 

pattern) for S> 8.33 %. Fig. 5.2 compares the experimental production characteristic 

with calculated transition stage (STC) for this tube. For this riser the experimental air 

superficial velocity at which the transition occurs (first stage of STA) is independent of 

the submergence level, that is, the amount of water being transported does not affect it 

but the gas velocity. This is not the case for Chen-Brill model [12] and Tengesdal 

correlation [20] where the superficial liquid velocity affects the value of the superficial 

gas velocity corresponding to the transition. Chen-Brill model predicts fairly well the 

transition for 16.66 % submergence level as observed in fig. 5.2 whilst Tengesdal 

overestimates this value. For lower submergence levels the Chen-Brill model appears to 

be less accurate in predicting transition as observed in the laboratory. For these 

experimental conditions (low submergence) Tengesdal appears to offer better predictions, 

(fig. 5.2).

A
□

Chen & Brill 

Tengesdal

Subm ergence
16.66%

Experiment
8.33 %

0.08

5  0.04 -

0 1 2 3

Ugs

Figure. 5.2 Calculated slug-churn transition boundary and laboratory measured gas lift 
characteristic (D=12mm, S=16.6%)

The minimum submergence level, in the case of the 8 mm ID tube where the onset of net 

liquid production is observed (as pseudo slug regime), is as low as 6.25 % submergence 

level. Fig. 5.3 shows the experimental and calculated slug-churn transition for 16.66 %
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level. The calculation of the transition with Chen-Brill model almost match the 

experimental value as observed in fig. 5.3.

Fig. 5.4 indicates that the Tengendel correlation better predicts the slug-churn transition 

in all cases for the 4 mm tube. Being closer the prediction for 16.66 % submergence 

level where there is almost perfect match. The error in the prediction increases for lower 

submergence levels underestimating the transition. In this case Chen-Brill model fails to 

offer a good prediction for any of the submergence levels employed in this case.
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Figure 5.3 Calculated slug-churn transition boundary and measured production 
characteristic for the 8 mm tube (air-water).
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Figure 5.4 Calculated slug-churn transition boundary and measured characteristics for 
the 4 mm tube (air-water).

5.2 Churn-to-annular transition stage - comparison of experimental results with 
numerical models

Since the chum-annular (developed) transition stage takes place at higher air superficial 

velocities compared to the slug-churn stage it is difficult to accurately determine by direct 

observation when this transition occurs. The RMS does not show precisely when this 

transition occurs either. Yet, a range of gas velocities can be determined by slowly 

injecting air and directly observing. Fig. 5.5 show this range observed for the range of 

diameter tubes employed for this research. For base-line expeiimental conditions (water- 

air at20 0 C and 101 kPa) Turner formula predicts the CTA transition velocity of almost 

15 m/s regardless of the tube diameter. Whilst the flow reversal criterion [25] predicts 

lower critical velocities for smaller diameter tubes as shown in fig. 5.5. The observations 

certainly indicate that the transition CTA is between these two calculations. In the case 

of the 20 mm ID tube there is not great difference between Turner and flow reversal 

criteria.

It was clear from the direct observations of the experiments conducted that the amount of 

liquid being lifted, which depends on the submergence level, does not affect the transition 

to annular flow.

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



—♦— Turner [ ]

- ■ —  flow reversal [ ]

H  Range of Visual 
observation

0 5 10 15 20

D (mm)

Figure 5.5 Calculated churn-annular transition boundary and visual observations.

5.3 Production characteristic -  comparison of experimental and modeled data for 20 
mm tubes

Fig. 5.5 compares the production characteristic [U(ls)=F(U(gs)] obtained during present 

investigations with data modeled using Ansari [10] model for the slug region. The 

modeled data indicates a higher gas velocity at the onset of liquid production (1 . 2  versus

0 . 6  m/s) and a lower maximum superficial liquid velocity compared with the 

experimental one.

—♦— Experiment —a— Ansari
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Figure 5.6 Superficial velocity of liquid (water) versus air superficial velocity -  
laboratory (D=20 mm S=16.6%) versus modeled data (Ansari [10])
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Fig. 5.6 shows the critical length that it would be reached by injecting different air flow 

rates with its corresponding amount of liquid transported by it (16.66 % submergence 

level). The critical length is calculated using the model proposed by Becaria [2] called 

Small Diameter Pipe (SDP). The critical length is nothing else but the maximum vertical 

distance a certain liquid flowrate can be lifted as slug flow pattern under given reservoir 

pressure (submergence), and gas flowrate. The SDP model was developed and validated 

for smaller pipe diameters and yet, predict satisfactorily the present laboratory findings 

for 2 0  mm tubes.

— SDP Model 
- B -  Experiment

2.5
E

J Z*

CO

= 1_o 1
CO

°  0.5

0.05
0.8

Uls (m/s)
Ugs (m/s)

Figure 5.7 The SDP [2,4] model developed for small diameter pipes (under pseudo-slug 
flow pattern) and present data obtained in laboratory (D=20 mm, S=16.6% or 50.8 cm 
H20 )

For S=35 % (fig. 5.8) the SDP model indicates a good match for low gas flowrates and 

overestimates the critical depth at higher gas flowrates.

Fig. 5.9 comparing the calculated production characteristics using Ansari [10] and Hasan 

[7] models and present experimental data (D=20 mm, S=35%) indicates that relatively 

large differences are observed between prediction of well accepted models and

95

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



experiments. These differences are partially related to various models assumptions and to 

the fact that the gas-liquid flow pattern is not perfectly developed in a 3m depth tube.

-EE- Experiment 
— SDP Model
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Figure 5.8 Maximum transportation depth versus gas injected calculated with the SDP 
model [2,4] and present experiments (D=20mm, S=35% or 106.7 cm H2 O)
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Figure 5.9 Calculated (Ansari [10] and Hasan [7]) and measured production 
characteristic (D=20 mm, S=35%)
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5.4 Putra’s laboratory data and model for pressure drop during STC transition

The model proposed by Putra [12] for assessing transition from slug to churn (as an 

intermediary transition stage in the slug-to-annular transition) is compared with his 

experiments in order to verify the excel model elaborated for this thesis. Considering the 

experimental data from table 5.1 the Excel program was run and it was obtained the data 

that is shown as Putra model in table 5.1. It was also known that the two fluids employed 

by Putra were air and water, that ID diameter tube was 38 mm and that the maximum 

operation pressure was 2 0  psig.

Fig. 5.8 shows graphically the comparison of the curves between the Putra experiments 

and mathematical model. The shape of the curves is similar and there is good agreement 

between them. There might be some minor differences between the model actually 

elaborated by Putra and the model prepared for this research. For instance, the 

correlation for the friction factor utilized in this research is given by 2.60 for the turbulent 

(smooth) case while Putra uses Colebroke correlation (roughness is considered).

Table 5.1. Data within chum flow pattern [12]

pressure drop (psi/20 ft)
Putra Putra

SCFM experiments model
10 1.55 1.5
20 1.15 1
30 0.72 0.63
40 0.4 0.34
50 0.22 0.27
60 0.2 0.25
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Figure 5.10 Pressure drop versus gas injection experimental results and modeled data 
(Putra’s [12] model) for churn flow pattern

5.5 Comparison of experimental data with Ansari’s model [10] for annular flow

In order to verify the model elaborated for this research based on Ansari model for 

annular flow the experimental data used by Alves [29] have been compared with Ansari’s 

model (model adapted for this work using bexcel) (Table 5.2). This corresponds to field 

data where the pressure was measured every 100 m. The gas production was 188 SCMD, 

liquid production 8.5 m /day, the specific gravity of gas 0.65, liquid density 880 kg/m 

and diameter tube 0.062 m. The superficial gas velocity was kept constant since Alves 

indicated [34 that despite the gas expansion when going up in the tube from bottom to top 

the condensation of heavy ends occurring as temperature and pressure decreases offsets 

the volume of the gas expansion leading to an almost linear pressure drop variation with 

depth.

Table 5.2 as well as fig. 5.11 shows that using the Ansari’s model (adapted in this work 

for Excel) in the annular flow pattern zone produces good results.
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Table 5.2 Input data [35] used for validation of Ansari’s model in the annular flow
pattern zone

Depth
(m)

Pressure (105 pa)

%EAlves test Ansari Model
0 110.385 109.00 1.25
too 110.81 110.49 0.29
200 111.9 111.98 -0.07
300 113.245 113.48 -0.21
400 114.56 114.97 -0.36
500 116.11 116.47 -0.31
600 117.89 117.97 -0.07
700 121.085 119.47 1.33
800 122.67 120.98 1.38
900 123.31 122.48 0.67
1000 124.885 123.99 0.72
1100 126.965 125.50 1.16
1200 128.65 127.01 1.28
1300 130.415 128.52 1.45
1500 133.615 131.55 1.54

o A lves experimental d a ta  Ansari Model

Pressure (10s Pa)
100 110 120 130 140

200  -

400 -

g ouu -
800  a

D  1000 -

.c*■»

1200  -

1400 -

1600

Figure 5.11. Comparison between field data and Ansari model
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5.6 Comparison of the experimental results and Putra’s model for churn flow

Fig. 5.12 compares experimental production characteristic data (D=20 mm, S=16.6%) 

with calculated data (Putra’s Model [12]). Calculated and experimental data compare 

satisfactorily as it can be assumed that Putra’s model is valid for the chum transition 

stage only except for the very beginning of the transition.

In the case of 12.5 % submergence level the prediction of the onset of production by 

Putra’s model is quite accurate however for the other two point there is some 

discrepancies between modeled and experimental data.. For high superficial air velocity 

Putra model tends to underestimate the water produced. For 8.33 % submergence the 

onset of production is underestimated. This is worsened for 4.16 % submergence.
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Figure 5.12 Experimental results (D=20 mm, S=16.6%) and calculated data using 
Putra’s model [12]
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Figure 5.13 Experimental results (D=20 mm, S=12.5%) and calculated data using 
Putra’s model [12]
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Figure 5.14 Experimental results (D=20 mm, S=8.33%) and calculated data using 
Putra’s model [12]
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Figure 5.15 Experimental results (D=20 mm, S=4.16%) and calculated data using 
Putra’s model [12]

In the case of the 12 mm tube Putra’s model results compare well with the experimental 

data for high values of gas superficial velocities as can be seen in figs 5.16 through 5.18. 

However for intermediate gas superficial velocities the model overestimates the liquid 

production and for the very beginning of the transition there is a significant under - 

prediction of the lab results.
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0.02 
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0 2 4 6 8 10
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Figure 5.16 Experimental results (D=12 mm, S=16.16%) and calculated data using 
Putra’s model [12]
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Figure 5.17 Experimental results (D=12 mm, S=8.33%) and calculated data using 
Putra’s model [12]
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Figure 5.18 Experimental results within churn flow and Putra’s model prediction ( 8  

tube and S=16.66 %)
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5.7 Comparison of calculated (Ansari model [11]) and experimental pressure drop 
in the annular flow pattern zone

Near atmospheric conditions have been used for all described experiments.. Figs. 5.19 

and 5.20 illustrate the calculated (Ansari model [10] for three distinct pressures) and 

measured BHP pressure versus Ugs (annular flow pattern in a 20 mm ID tube and 3 m 

length). A minimum value of the BHP is observed for all cases illustrated in fig. 5.19.. 

The BHP of the experimental data does not coincide in this case with the Ansari 

prediction.

♦ — A nsari (4 4 .7  psi) 

Experim ent (1 4 .7  psi)

Ansari (1 4 .7  psi) 

A nsari (6 4 .7  psi)

20 30 4 0 50

Ugs

Figure 5.19 Calculated and experimemental BHP versus superficial gas velocity (D=20 
mm, S=16.6% , U(ls)= 0.18 m/s )

A nsari (4 4 .7  psi)

- * • -  Experim ent (1 4 .7  psi)

Ansari (1 4 .7  psi) 

Ansari (6 4 .7  psi)

20 30 40 50

Ugs

Figure 5.20 Calculated and experimental BHP versus superficial gas velocity data 
(D=20 mm, S=16.6% , U(ls)= 0.1 m/s )
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In the case of the 12 mm ED tube the lowest pressure drop modeled by Ansari at 

atmospheric conditions coincides with the experiments as seen in fig. 5.22. Though there 

is an overestimation by Ansari model in this case both results are not too far. Fig. 5.22 

compares calculated (Ansari [10] annular flow model) and measured BHP versus U(gs) 

for different diameters.

A nsari (1 4 .7  psi) 

Ansari (6 4 .7  psi)

A nsari (4 4 .7  psi) 

Experim ent (1 4 .7  psi)

(0a
a.
Xm

5
4
3
2

1

0

1 0 20 30 4 00 50

Ugs

Figure 5.21 Calculated and experimental BHP versus superficial gas velocity data 
(D=12 mm, S=16.6% , U(ls)= 0.042 m/s )

-♦ — A nsari (1 4 .7  psi) 12  mm tube  

A nsari (1 4 .7  psi) 2 0  mm tube  

A nsari (1 4 .7  psi) 8  mm tube

Figure 5.22 Calculated and experimental BHP versus superficial gas velocity data for 
various tube diameters (D=12 mm, S=16.6% , U(ls)= 0.042 m/s )

5.8 Potential field applications of SDT

If the use of small diameter tubes is intended to maximize the recovery of gas by 

removing liquids it would be adequate to produce the gas through the annulus space 

between the casing and the small diameter tube as shown in fig. 5.23. As the reservoir
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pressure is considered to be low it might be required the injection of gas to lift the liquid 

via the small diameter tubing (SDT). The injection of gas could be carried out through a 

small diameter line and it should be injected at the very bottom of the SDT as show in 

fig. 5.23.

The pressurized gas to remove the liquids could come from a high pressure gas well or it 

could be used a compressor for this purpose. If a compressor is used, in order to 

minimize the pressure in the SDT the suction port of the compressor could be connected 

to the surface end of the SDT as illustrated in fig. 5.23. Therefore the injection gas would 

be in a close system whilst the liquid lifted is separated from the gas. Minimizing the 

pressure in the SDT would allow to go deeper employing SDT to unload liquids.

5.8.1 Hypothetical field Situations

Atmospheric conditions (Table 5.3) are considered first. The amount of liquid to be 

removed for this example is 0.119 m3/day (1 bbl/day), which is relatively small. The tube 

is assumed to be smooth and the pressure is calculated based on Putra’s model which is 

the one that better agrees with the experimental results for moderate superficial 

velocities.

The second case (Table 5.4) is using a 12 mm tube with similar data as for the first case. 

It is important to note that the depth of 1000 m seems to be very large for the 12 mm 

tube; however Putra’s model predicts moderate values of pressure drop (for relatively 

small amount of water), similarly as for the laboratory conditions. In order to actually 

assess the impact of the depth using the 1 2  mm tube it is required to conduct tests for 

large depths and then compare results with laboratory and mathematical models.
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Table 5.3. Data for field case (20 mm tube).

Tubing (ID) 20 mm (0.787 in)

Depth 1000 m (3280 ft)

Head Pressure 101.3 kpa (14.7 psi)

Liquid (Water) 0.119 m3/day (1 bbl/day)

Gas injected (air) 542.87 Sm3/day (19.17 KSCFD)

Table 5.4. Data for field case (12 mm tube).

SDT (ID) 12 mm (0.472 in)

Depth 1000 m (3280 ft)

Head Pressure 101.3 kpa (14.7 psi)

Liquid (Water) 0.119 mVday ( 1  bbl/day)

Gas injected (air) 195.4 Sm3/day (6.9 KSCFD)

Fig. 5.25 shows the results predicted by the numerical model for the data in table 5.3 and 

5.4. The liquid superficial velocity in the smaller diameter tube must be bigger in order 

to produce the same liquid. Due to this reason the gradient of pressure is bigger in the 12 

mm ID tube. The FBHP predicted for the 20 mm tube is 540 kpa, whereas it is 943 ka for 

the 12 mm tube. This values corresponds approximately to a column of liquid of 54 m 

and 94 m respectively. Fig. 5.26 shows the profile for the superficial velocity of the gas 

for the 20 and 12 mm tube. As observed the gas velocity for the 12 mm tube tends to be 

smaller basically due to the higher pressure at a given depth.
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Figure 5.23 Suggested completion schematic for liquid unloading using small diameter 
tubes
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2 0  m m  ID t u b e  - U ls  =  0 . 0 0 4 3 9  m / s  

1 2  m m  ID t u b e  - U ls  =  0 . 0 1 2 2  m / s

Pressure (kpa)
4 0 0200 6 0 0 8 0 0 1000

^  200 
£  4 0 0

6 0 0
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1000

Figure 5.24 Pressure versus depth for 20 mm and 12 mm ID tube removing 0.119 
m3/day of water

 2 0  mm ID T u b e  - Uls = 0 .0 0 4 3 9  m/s

— » 1 2  mm ID T u b e  - Uls = 0 .0 1 2 2  m/s

20

wO)=>

8 0 0 10000 200 4 0 0 6 0 0

Depth (m)

Figure 5.25 Superficial gas velocity versus depth calculations for 20 mm and 12 mm ID 
tube removing 0.119 m3/day of water

The gradient of pressure as well as the gas velocity profile is very similar if the liquid 

superficial velocity is the same in both tubes as observed in figs 5.27 and 5.28 

respectively. However, the amount of liquid removed in this case by the 12 mm tube is 

reduced but at the same time the gas required is also reduced.
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20 mm ID tube - Uls = 0 .00439 m/s 

12 mm ID tube - Uls = 0 .00439 m/s

Pressure (kpa)
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Figure 5.26 Pressure versus depth calculations for 20 mm and 12 mm ID tube for the 
same liquid superficial velocities [U(ls)=0.0044 m/s]
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0
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Figure 5.27 Superficial gas velocity versus depth calculated for 20 mm and 12 mm ID 
tube for the same liquid superficial velocities [U(ls)=0.0044 m/s].

The following examples show the effect of increasing the amount of liquid to be lifted 

employing SDTs. The liquid flow rate is increased from 0.119 to 2.714 m3/day.
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20 mm ID tube - Uls = 0.100 m/s 

12 mm ID tube - Uls = 0.277 m/s

Pressure (kpa)
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-2
Figure 5.28 Pressure versus depth caloculated for 20 mm and 12 mm ID (2.714 m /day 
of water removed)
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Figure 5.29 Superficial gas velocity calculated for 20 mm and 12 mm ID tube (2.714 
m3/day of water removed)

When increasing the volume of liquid produced by a factor of 22.8 the flowing bottom 

hole pressure predicted by Putra’s model increases significantly. For the 20 mm tube 

increases from about 540 kpa to 3500 kpa and for the 12 mm tube from about 940 kpa to 

500 kpa.

The second case to be considered is when the surface pressure of the SDT is higher than 

the atmospheric pressure. The surface pressure of the SDTs in the following examples is

1 1 1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



500 kpa. In this case the overall pressure drop predicted is smaller for a higher surface 

pressure as seen in fig. 5.31. However in order to have a higher surface pressure it would 

be required to have about two times more gas in the system.

The gas superficial velocity profile is similar as observed in fig. 5.32 except near the 

surface where the velocity of gas is greater when the surface pressure is smaller.

20 mm ID tube - 500 kpa 20 mm ID tube -101 kpa

Pressure (kpa)

20001000 3000 4000

200 -

S  400 -

S- 600 -

800 -

1000

Figure 5.30 Effect of the surface pressure in the prediction of pressure versus depth 
profile (20 mm tube -  2.714 m3/day of water)

 2 0  mm ID T u b e  - 5 0 0  Kpa

 2 0  mm ID T u b e  - 1 0 1  kpa

2 0

(0

E,
coo>3

200 4 0 0 6 0 0 8 0 00 1000
Depth (m)

Figure 5.31. Effect of the surface pressure in the prediction of gas superficial velocity 
versus depth (20 mm tube -  2.714 m /day of water)
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CHAPTER 6

CONCLUSIONS AND RECOMENDATIONS

6.1 Conclusions

1. The effect of transition from slug to annular (STA) flow patterns on production 

characteristic was investigated using a laboratory rig.

2. The produced results offer a consistent image of STA transition for: - a broad 

range of pipe diameters (12 to 20mm) (from SDT to conventional), - low and 

moderate reservoir pressure (submergence), - interfacial tension from 45 to 70 

dyne/cm - position and size of local turbulence promoters.

3. Flow instabilities observed as pressure fluctuations have been quantified using a 

(new) RMS procedure and results used to assess key slug-to-annular transition 

steps.

4. Four mechanistic models have been used to describe and compare laboratory 

results.

5. Brill’s [13] model for assessing the boundary transition between slug to chum, 

satisfactorily compares laboratory data for 16.66 % submergence; for lower 

submergence, Tengsedal model offers better predictions.

6 . The Putra’s model prediction of the churn flow pattern shows agreement with the 

experimental data at intermediate values of superficial gas velocity.

7. Three key features have been identified during STA transition:

• Maximum (slug) production,

• Minimum (slug-to-churn) production,

• Maximum (developed annular) production.

8 . A maximum of intensity of pressure oscillations (RMS) was consistently observed 

to coincide with the minimum production (specific to STC transition).

9. Reducing the superficial tension has a positive effect in reducing the magnitude of 

pressure oscillations during STC transition, but, at higher gas velocities will act 

negatively on the amount of liquid transported in the annular flow pattern.
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10. At extremely low reservoir pressure the relative amount of liquid (superficial 

velocity) transported in the slug (or pseudo-slug) flow pattern is higher for small 

diameter tubes ( 1 2  mm) than for conventional tubes ( 2 0  mm).

11. For submergence levels in excess of 16.66 % in the 12 mm tube and 35 % in the

2 0  mm tube more liquid is transported in slug than in annular flow; for smaller

level of submergences, more liquid can be lifted in annular than in slug region.

12. Local turbulence promoters (LTP) are slightly modifying the production 

characteristic observed for the base line (no promoters):

• For conventional pipe diameters a small negative effect was observed

• For SDP a small positive effect was recorded.

• The positive effect of using LTP with SDP is related to the liquid film 

atomization and the salient role of liquid film in the upward transport of film- 

droplet core (with SDP).

• The negative effect of using LTP with conventional pipes suggest that the 

LTP has no influence in changing the size of the droplet-gas core (controlling 

the upward liquid flow for conventional diameters) while negatively influence 

the pressure balance

13. In order to upscale the results from laboratory to field applications additional 

field tests are required to further validate laboratory (standard pressure) 

observations

6.2 Recommendations

1. Conduct experiments with higher operational pressure inside the SDT to evaluate 

experimentally the effect of pressure in the gas lift system. The pressure can be 

regulated placing a valve where the air exits the flow loop.

2. Modify the flow loop by increasing the length to better understand how this 

variable can impact the efficiency of the liquid transporting.

3. Investigate the effect of larger tube diameters and tube-casing configurations.
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APPENDIX A

EXPERIMENTAL RESULTS FOR THE WATER/AIR GAS LIFT SYSTEM

A .l 20 mm tube’s experimental data 

A.1.1 35 % Submergence Level

Table A.1.1. Data for 20 mm Tube. 35 % Submergence level (water-air)

Air
Injection

Produced
water,
l/min % Variation % Variation % Variation

l/min
First
Rep.

Second
Rep.

Third
Rep. First/Second Second /Third First/Third

3 0.00 0.00 0.00 - - -

8 1.74 1.56 1.65 11.58 -5.63 5.30
11 2.69 2.43 2.47 10.75 -1.83 8.72
15 3.67 3.72 3.55 -1.37 4.90 3.46
20 4.58 4.62 4.41 -0.89 4.81 3.87
26 4.93 4.98 5.08 -0.90 -1.96 -2.85
70 4.63 4.78 5.25 -3.05 -8.90 -11.68
143 5.65 5.45 5.47 3.61 -0.40 3.20
203 5.79 6.11 5.78 -5.25 5.81 0.26
432 5.38 5.22 5.41 3.00 -3.36 -0.46

A.1.2 16.66 % Submergence Level

Table A.1.2. Data for 20 mm Tube. 16.66 % Submergence level (water-air)

Air
Injection

l/min

Produced
water,
l/min % Variation 

First/Second

% Variation 

Second /Third

% Variation 

First/Third
First
Rep.

Second
Rep.

Third
Rep.

11.5 0.00 0.00 0.00 - - -

15 0.37 0.31 0.32 19.64 -2.35 16.83
26 1.10 1.13 1.07 -2.60 5.71 2.96
70 0.58 0.56 0.54 2.09 3.67 5.83

143 1.36 1.36 1.29 0.53 5.23 5.78
203 2.63 2.62 2.62 0.27 -0.04 0.23
332 3.49 3.50 3.49 -0.04 0.13 0.09
432 3.56 3.59 3.58 -0.74 0.42 -0.33
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A.1.3 12.5 % Submergence Level

Table A.1.3. Data for 20 mm Tube. 12.5 % Submergence level (water-air)

Air
Injection

l/min

Produced
water,
l/min % Variation 

First/Second

% Variation 

Second /Third

% Variation 

First/Third
First
Rep.

Second
Rep.

Third
Rep.

65 0 0.00 0.00 - - -

125 0.68 0.60 0.65 14.89 -7.36 6.43
200 1.78 1.76 1.79 1.17 -1.16 0.00
329 2.81 2.80 2.81 0.28 -0.22 0.06
432 2.81 2.83 2.82 -0.43 0.28 -0.16

A.I.4 8.33 % Submergence Level

Table A.1.4. Data for 20 mm Tube. 8.33 % Submergence level (water-air)

Air
Injection

l/min

Produced
water,
l/min % Variation 

First/Second

% Variation 

Second /Third

% Variation 

First/Third
First
Rep.

Second
Rep.

Third
Rep.

125 0 0 0.00 - - -

151 0.70 0.64 0.67 8.20 -4.07 3.80
329 2.27 2.31 2.28 -1.69 1.31 -0.40
432 2.39 2.39 2.39 0.17 -0.18 -0.01

A.1.5 4.16 % Submergence Level

Table A.1.5. Data for 20 mm Tube. 4.16 % Submergence level (water-air)

Air
Injection

l/min

Produced
water,
l/min % Variation 

First/Second

% Variation 

Second /Third

% Variation 

First/Third
First
Rep.

Second
Rep.

Third
Rep.

168 0 0 0.00 - - -

200 0.71 0.69 0.69 3.23 -0.69 2.51
329 1.99 1.98 1.98 0.45 -0.09 0.36
432 2.26 2.26 2.24 -0.02 1.00 0.98
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A.1.6 RMS of FBHP for 20 mm tube.
Table A.1.6. RMS of FBHP for 20 mm tube (Water-Air).

Air injection RMS of FBHP (psi)
Submergence level

4 16% 8.33% 12.5% 16.66%
5 0.185 0.365 0.539 0.726

10.14 0.195 0.368 0.542 0.725
15 0.208 0.375 0.547 0.725
20 0.222 0.384 0.552 0.735
26 0.239 0.393 0.554 0.734

32.58 0.237 - 0.561 0.735
44.00 0.255 0.435 0.575 0.749
57.02 0.27 0.441 0.609 0.774
71.34 0.271 0.434 0.597 0.768
87.68 0.262 0.41 0.586 0.753
107.81 0.214 0.386 0.551 0.741
130.72 0.188 0.374 0.552 0.742
168.82 0.192 0.372 0.553 0.746
200.64 0.199 0.375 0.557 0.74
259.17 0.215 0.381 0.553 0.736
329.28 0.23 0.387 0.559 0.733
386.42 0.242 0.39 0.566 0.746
431.36 0.251 0.402 0.568 0.739

A.2 12 mm tube’s experimental data

A.2.1 16.66 % Submergence Level
Table A.2.1. Data for 12 mm tube. 16.66 % Submergence level (water-Air)

Air
Injection

Produced
water,
l/min % Variation % Variation

%
Variation

l/min
First
Rep.

Second
Rep.

Third
Rep. First/Second Second /Third First/Third

3 0.0000 0.0000 0.0000 - -

3.752 0.2057 0.2118 0.2093 - 2.86 1.18 - 1.71

8.031 0.4638 0.4444 0.4468 4.35 - 0.53 3.80

10.94 0.5143 0.5202 0.5028 - 1.14 3.47 2.29

15.09 0.4375 0.4330 0.4398 1.04 - 1.55 - 0.52

20.02 0.2717 0.3013 0.3214 - 9.81 - 6.28 - 15.47

25.12 0.2143 0.2076 0.1993 3.21 4.15 7.50

26.06 0.2174 0.2214 0.2206 - 1.81 0.37 - 1.45
74 0.4225 0.4245 0.4225 - 0.47 0.47 0.00

110 0.3947 0.3879 0.3782 1.75 2.59 4.39

163 0.3273 0.3273 0.3125 0.00 4.73 4.73

212 0.2857 0.2866 0.2885 - 0.32 - 0.64 - 0.95

1 2 1
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A.2.2 12.5 % Submergence Level

Table A.2.2. Data for 12 mm tube. 12.5 % Submergence level (water-Air)

Air
Injection

Produced
water,
l/min

"

% Variation

1

% Variation
%

Variation

l/min
First
Rep.

Second
Rep.

Third
Rep. First/Second Second /Third First/Third

4 0.0000 0.0000 0.0000 - - -
4.714 0.0992 0.0976 0.0992 1.65 -1.63 0.00
8.031 0.2293 0.2017 0.1897 13.69 6.30 20.86
10.94 0.2571 0.2571 0.2740 0.00 -6.14 -6.14
15.09 0.2199 0.2551 0.2390 -13.80 6.72 -8.01
20.02 0.0236 0.0783 0.0530 -69.82 47.65 -55.43
25.12 0.0258 0.0351 0.0288 -26.50 21.64 -10.60
26.06 0.0436 0.0386 0.0375 13.01 2.89 16.28

74 0.2824 0.2844 0.2813 -0.71 1.11 0.39
110 0.2703 0.2765 0.2609 -2.25 5.99 3.60
163 0.2553 0.2609 0.2233 -2.13 16.81 14.33
212 0.2381 0.2344 0.2083 1.59 12.50 14.29

A.2.3 8.33 % Submergence Level

Table A.2.3. Data for 12 mm tube. 8.33 % Submergence level (water-Air)

Air
Injection

Produced
water,
l/min % Variation % Variation

% :: : 
Variation

l/min
First
Rep.

Second
Rep.

Third
Rep. First/Second Second /Third First/Third

7.5 0.0000 0.0000 0.0000 - - -
8.031 0.0279 0.0288 0.0262 -3.26 10.10 6.51
10.94 0.0499 0.0714 0.0585 -30.19 22.02 -14.82
15.09 0.0008 0.0056 0.0007 -86.44 742.09 14.16
20.02 0.0002 0.0004 0.0002 -59.38 65.70 -32.69
25.12 0.0006 0.0008 0.0004 -22.49 123.49 73.22
26.06 0.0009 0.0009 0.0010 -6.19 -10.87 -16.39

74 0.1212 0.1471 0.1456 -17.58 0.98 -16.77
110 0.1609 0.1818 0.1829 -11.49 -0.61 -12.03
163 0.1585 0.1829 0.1734 -13.36 5.49 -8.60
212 0.1469 0.1786 0.1648 -17.71 8.33 -10.86
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A.2.4 4.16 % Submergence Level

Table A.2.4. Data for 12 mm tube. 4.16 % Submergence level (water-Air)

Air Injection

Produced
water,
l/min % Variation % Variation

%
Variation

l/min
First
Rep.

Second
Rep.

Third
Rep. First/Second Second /Third First/Third

8.031 0.0000 0.0000 0.0000 - - -

10.94 0.0000 0.0000 0.0000 - - -

15.09 0.0000 0.0000 0.0000 - - -

20.02 0.0000 0.0000 0.0000 - - -

25.12 0.0000 0.0000 0.0000 - - -

60 0.0000 0.0000 0.0000 - - -

73.9612132 0.0300 0.0309 0.0320 -2.92 -3.43 -6.25
110.2734636 0.0740 0.0745 0.0713 -0.68 4.48 3.77
162.5249028 0.0753 0.0674 0.0753 11.64 -10.49 -0.07
212.4536637 0.0636 0.0614 0.0669 3.53 -8.19 -4.95
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A.2.5 RMS of FBHP for 12 mm tube.

Table A.2.5. RMS of FBHP for 12 mm tube.

Air injection RM S of FBHP (psi)
1/m Submergence leve

4.160? 8.33% 12.5% 16.66%
0.532 0.183 0.362 0.542 0.724
1.508 0.192 0.366 0.544 0.726
2.612 - - 0.546 -

3.752 0.364 0.542 0.73
5 0.193 0.365 0.55 0.726

6.232 - - - -

7.513 0.371 0.544 0.73
10.14 0.242 0.369 0.545 0.727
12.85 - 0.423 0.559 0.736
15.66 0.245 0.413 0.581 0.748
18.55 - 0.402 0.576 0.76

20 0.236 0.396 - -

23 - 0.394 0.566 0.761
26 0.227 0.39 0.564 0.744
33 0.212 0.389 0.57 0.747
44 0.198 0.376 0.556 0.734
57 0.191 0.367 0.544 0.73
71 0.184 0.365 0.541 0.731
88 0.183 0.366 0.548 -

108 0.191 0.369 0.55 0.729
131 0.197 0.373 0.547 0.733
169 0.214 0.391 0.56 0.739
201 0.228 0.393 0.569 0.745
259 0.247 0.41 0.58 0.756
329 0.261 0.418 0.575 0.755
386 0.33 0.454 0.611 0.763
431 0.462 0.493 0.652 0.802
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A.3 8 mm tube’s experimental data 

A .3 .116.66 % submergence level

Table A.3.1. Data for 8mm tube. 16.66 % submergence level

Air
Injection

Produced
water,
l/min % Variation % Variation

%
Variation

l/min
First
Rep.

Second
Rep.

Third
Rep. First Rep. Second /Third First/Third

0.905 0 0 0 - - -

1.928 0.1866 0.1857 0.1831 0.48 1.43 1.92
4.96 0.2432 0.2473 0.2463 -1.67 0.40 -1.28

10.14 0.0925 0.0900 0.0919 2.77 -2.00 0.72
20 0.1091 0.1254 0.1208 -13.02 3.76 -9.75
26 0.1235 0.1167 0.1141 5.83 2.33 8.30

32.58 0.1149 0.1012 0.1101 13.56 -8.11 4.35
44.00 0.1152 0.1200 0.0957 -4.02 25.47 20.43
57.02 0.0974 0.0939 0.0902 3.79 4.02 7.96

A.3.2 4.16 % submergence level

Table A.3.2. Data for 8 mm tube. 4.16 % submergence level

Air
Injection

Produced 
water, l/min % Variation % Variation % Variation

l/min
First
Rep.

Second
Rep.

Third
Rep. First/Second

Second
/Third First/Third

24.5 0 0 0 - - -

32.58 0.005462 0.00579374 0.005901 -5.73 -1.82 -7.45
44.00 0.006854 0.00615479 0.007572 11.36 -18.72 -9.49
57.02 0.007009 0.00632004 0.006174 10.90 2.36 13.52
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A.3.3 RMS of FBHP for 8 mm tube.

Table A.3.3. RMS of FBHP for 8 mm tube.

A ir  in je c t io n R M S o f  i-'BHP (p si)
S u b m ergen ce lev e l

4 .16% 8.33% 12.5% 16.66%
0.0581 0.181 - - 0.726

0.532 0.182 - - 0.729
1.508 0.188 - - 0.727
2.612 0.194 - - 0.726
3.752 0.192 - - 0.726

5 0.202 - - 0.727
6.232 0.205 - - 0.730
7.513 0.211 - - 0.733
10.14 0.209 - - 0.738
12.85 0.203 - - 0.739
15.66 0.197 - - 0.738
18.55 0.190 - 0.734

20 0.188 - - 0.732
23 0.185 - 0.731
26 0.181 - - 0.730

32.58026 0.185 - 0.729
44.00305 0.181 - - 0.727
57.02367 0.180 - - 0.725

71 0.179 0.724
88 0.180 0.725
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APPENDIX B 

EXPERIMENTAL RESULTS FOR THE 

WATER-METHANOL/AIR GAS LIFT SYSTEM

B .l 20 mm tube’s experimental data

B .1 .116.66 % Submergence level

Table B.1.1. Data for 20 mm ID tube (water-methanol). 16.66 % Submergence

Air
Injection
l/min

Produced
water,
l/min

%
Variation
First/Second

% Variation 
Second /Third

%
Variation
First/ThirdFirst Second Third

0 0.00 0.00 0.00 - - -

10 0.00 0.00 0.00 - - -

15 0.53 0.48 0.47 9.64 2.34 12.20
26 0.87 0.87 0.88 -0.01 -0.62 -0.64
65 0.44 0.36 0.38 24.25 -5.55 17.35

125 1.47 1.56 1.66 -6.03 -5.84 -11.52
200 2.19 2.31 2.27 -5.14 1.34 -3.87
329 2.84 3.07 2.83 -7.44 8.37 0.30
432 2.93 2.87 2.87 2.16 -0.09 2.07

B.1.2 12.5 % Submergence level

Table B.1.2. Data for 20 mm ID tube (water-methanol). 12.5 % Submergence

Air
Injection

l/min

Produced
water,
l/min

%
Variation

First/Second
% Variation 

Second /Third

%
Variation

First/ThirdFirst Second Third
11.5 0.00 0.00 0.00 - - -

15 0.37 0.31 0.32 19.64 -2.35 16.83
26 1.10 1.13 1.07 -2.60 5.71 2.96
70 0.58 0.56 0.54 2.09 3.67 5.83

143 1.36 1.36 1.29 0.53 5.23 5.78
203 2.63 2.62 2.62 0.27 -0.04 0.23
332 3.49 3.50 3.49 -0.04 0.13 0.09
432 3.56 3.59 3.58 -0.74 0.42 -0.33
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B.1.3 8.33 % Submergence level

Table B.1.3. Data for 20 mm ID tube (water-methanol). 8.33 % Submergence

Air
Injection

l/min

PrGCliiv£ii
water,
l/min % Variation 

First/Second
% Variation 

Second /Third

%
Variation

First/ThirdFirst Second Third
0 0 0.00 0.00 - - -

125 0 0.00 0.00 - - -

151 0.72 0.69 0.74 4.01 -6.29 -2.54
329 1.99 1.94 2.02 3.20 -3.85 -0.77
432 2.14 2.13 2.14 0.53 -0.47 0.06

B.1.4 4.16 % Submergence level

Table B.1.4. Data for 20 mm ED tube (water-methanol). 4.16 % Submergence

Air
Injection
l/min

Produced water, 
l/min % Variation 

First/Second
% Variation 
Second /Third

% i
Variation
First/ThirdFirst Second Third

0 0.00 0.00 0.00 - - -

125 0.82 0.64 0.64 - - -

151 1.47 1.56 1.53 -5.78 2.33 -3.59
329 1.78 1.78 1.58 0.14 13.02 13.18
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B.1.5 RMS of FBHP for 20 mm tube.

Table B.1.5. RMS of FBHP for 20 mm ID tube (water-methanol)

Air injection RMS of FBHP (psi)
1/m Submerg en cc  lev e

4 16% 8.33% 12.5% 16.66%
5 0.174 0.349 0.52 0.685

10.14 0.184 0.353 0.523 0.681
15 0.196 0.358 0.52 0.674
20 0.209 0.364 0.519 0.678
26 0.223 - 0.525 0.682

32.58 0.214 0.372 0.534 0.702
44.00 0.218 0.376 0.54 0.711
57.02 0.221 0.375 0.542 0.714
71.34 0.203 0.367 0.533 0.714
87.68 0.194 0.359 0.527 0.706
107.81 0.183 0.348 0.52 0.71
130.72 0.174 0.341 0.519 0.709
168.82 0.174 0.342 0.52 0.701
200.64 0.188 0.344 0.525 0.704
259.17 0.194 0.361 0.527 0.709
329.28 0.21 0.376 0.531 0.706
386.42 0.224 0.379 0.538 0.71
431.36 0.232 0.376 0.534 0.712

B.2 12 mm tube’s experimental data

B.2.1 16.66 % Submergence level

Table B.2.1. Data for 12 mm ID tube (water-methanol). 16.66 % Submergence

Air Injection 
l/min

Produced
water,
l/min

%
Variation

First/Second
% Variation 

Second /Third

%
Variation

First/ThirdFirst Second Third
2.15 0.0000 0.0000 0.0000 - - -
3.75 0.1356 0.1270 0.1263 6.78 0.57 7.39

11 0.3293 0.3225 0.3160 2.11 2.05 4.21
26 0.1369 0.1311 0.1251 4.45 4.81 9.48
65 0.3309 0.3248 0.3395 1.90 -4.33 -2.51
98 0.2983 0.3001 0.2972 -0.60 0.97 0.37

125 0.2688 0.2859 0.2801 -5.98 2.10 -4.01
201 0.2347 0.2236 0.2304 4.95 -2.96 1.85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



B.3 8 mm tube’s experimental data

B.3.1 16.66 % Submergence level

Table B.3.1. Data for 8 mm ID tube (water-methanol). 16.66 % Submergence

Air
Injection

Produced
water,
l/min

%
Variation % Variation

: % 
Variation

l/min First Second Third First/Second Second /Third First/Third
0.905 0 0 0 - - -

1.928 0.1550 0.1441 0.1331 7.53 8.28 16.44
4.96 0.1389 0.1408 0.1439 -1.31 -2.18 -3.46

10.14 0.0506 0.0463 0.0453 9.36 2.23 11.80
20 0.0877 0.0822 0.0799 6.73 2.96 9.88
26 0.0942 0.0910 0.0936 3.45 -2.69 0.67

32.58 0.0866 0.0877 0.0915 -1.21 -4.18 -5.34
44.00 0.0831 0.0875 0.0861 -5.01 1.62 -3.48
57.02 0.0590 0.0527 0.0614 12.00 -14.29 -4.00
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APPENDIX C

EXPERIMENTAL RESULTS FOR THE WATER/AIR GAS LIFT 

SYSTEM ULIZING LTPs IN THE 20 mm TUBE.

C .l Data for one 19 mm ID LTP located at the middle of the tube 

C .1.116.66 % submergence level

Table C.1.1. Data for 20 mm ID tube (water) using one 19 mm ID LTP (middle). 16.66 
% Submergence level

Air
Injection

l/min

Produced
water,
l/min % Variation 

First/Second
% Variation 

Second /Third
% Variation 
First/ThirdFirst Second Third

11.5 0.00 0.00 0.00 - - -

15 0.37 0.31 0.32 19.64 -2.35 16.83
26 1.10 1.13 1.07 -2.60 5.71 2.96
70 0.58 0.56 0.54 2.09 3.67 5.83

143 1.36 1.36 1.29 0.53 5.23 5.78
203 2.63 2.62 2.62 0.27 -0.04 0.23
332 3.49 3.50 3.49 -0.04 0.13 0.09
432 3.56 3.59 3.58 -0.74 0.42 -0.33

C.1.2 4.16 % submergence level

Table C.1.2. Data for 20 mm ID tube (water) using one 19 mm ID LTP (middle). 4.16 
% Submergence level

Air
Injection

l/min

Produced
water,
l/min % Variation 

First/Second
% Variation 

Second /Third
% Variation 
First/ThirdFirst Second Third

168 0 0 0.00 - - -

200 0.71 0.69 0.69 3.23 -0.69 2.51
329 1.99 1.98 1.98 0.45 -0.09 0.36
432 2.26 2.26 2.24 -0.02 1.00 0.98
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C.1.3 RMS of FBHP data.

Table C.1.3. RMS of FBHP for 20 mm ID tube (water) using one 19 mm ID LTP 
(middle)

Air injection RMS of FBI IP (psi)
I/m Submcreencc levc

4.16% 8.33% 12.6% 16.66%
5 0.187 0.37 0.545 0.731

10.14 0.196 0.374 0.548 0.731
15 0.211 0.382 0.552 0.735
20 0.226 0.389 0.557 0.74
26 0.244 0.397 0.568 0.738
33 0.24 0.39 0.57 0.741
44 0.252 0.42 0.579 0.759
57 0.259 0.425 0.598 0.76
71 0.26 0.422 0.578 0.756
88 0.253 0.401 0.576 0.759

108 0.219 0.383 0.566 0.753
131 0.194 0.37 0.554 0.743
169 0.19 0.368 0.559 0.742
201 0.193 0.381 0.561 0.753
259 0.204 0.381 0.557 0.747
329 0.217 0.383 0.564 0.755
386 0.23 0.395 0.565 0.754
431 0.238 0.395 0.576 0.749

C.2 Data for one 19 mm ID LTP located at the bottom of the tube 

C .2.116.66 % submergence level

Table C.2.1. Data for 20 mm ID tube (water) using one 19 mm ID LTP (bottom). 16.66 
% Submergence level

Air
Injection

1/min

Produced
water,
1/min

%
Variation

First/Second
% Variation 

Second /Third

%
Variation

First/ThirdFirst Second Third
12 0.0000 0.0000 0.0000 - - -
15 0.2987 0.3056 0.2174 -2.25 40.60 37.44
26 0.9638 1.0202 0.8555 -5.53 19.25 12.65
70 0.5296 0.5283 0.5005 0.25 5.55 5.81

143 1.1486 1.1474 1.1914 0.11 -3.69 -3.59
203 2.5554 2.5622 2.6162 -0.27 -2.06 -2.32
332 3.4277 3.5355 3.4789 -3.05 1.63 -1.47
432 3.5559 3.5551 3.5052 0.02 1.42 1.45
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C.2.2 4.16 % submergence level

Table C.2.2. Data for 20 mm ID tube (water) using one 19 mm ID LTP (bottom). 4.16
% Submergence level

Air
Injection

1/min

Produced
water,
1/min

%
Variation

First/Second
% Variation 

Second /Third

: % 
Variation 

First/ThirdFirst Second Third
165 0.0000 0.0000 0.0000 - - -
200 0.7591 0.7790 0.7751 -2.56 0.51 -2.06
329 1.9892 1.9291 2.0107 3.11 -4.06 -1.07
432 2.2329 2.2330 2.2512 0.00 -0.81 -0.81

C.2.3 RMS of FBHP data

Table C.2.3. RMS of FBHP for for 20 mm ID tube (water) using one 19 mm ID LTP 
(bottom).

A ir  in je c tio n
I/m

___  RMS of FBHP (psi
Submergence leve

)

4.16% 8.3391- 12.5% 16.66%.
5 0.197 0.365 0.547 0.725

10.14 0.198 0.371 0.55 0.726
15 0.215 0.379 0.554 0.726
20 0.229 0.385 0.559 0.742
26 0.24 0.399 0.56 0.741
33 0.24 0.391 0.559 0.737
44 0.258 0.418 0.579 0.761
57 0.257 0.423 0.61 0.766
71 0.25 0.421 0.598 0.766
88 0.246 0.398 0.58 0.759

108 0.217 0.378 0.561 0.755
131 0.194 0.368 0.551 0.758
169 0.187 0.369 0.563 0.744
201 0.194 0.373 0.556 0.754
259 0.206 0.378 0.55 0.743
329 0.22 0.381 0.558 0.741
386 0.233 0.391 0.566 0.752
431 0.238 0.391 0.566 0.743
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C.3 Data for two 19 mm ID LTPs located at the bottom and top of the tube 

C.3.1 16.66 % submergence level

Table C.3.1. Data for 20 mm ID tube (water) using two 19 mm D>LTFs (uuttom & 
top). 16.66 % Submergence level

Air
Injection

1/min

Produced
water,
1/min

%
Variation

First/Second

%
Variation
Second
/Third

%
Variation

First/ThirdFirst Second Third
11.5 0.0000 0.0000 0.0000 -

15.0 0.2970 0.2770 0.2656 7.21 4.28 11.80

26.0 0.6958 0.7237 0.7561 -3.86 -4.28 -7.98

70 0.5015 0.4801 0.4770 4.44 0.65 5.12

143 1.1415 1.1578 1.1966 -1.41 -3.24 -4.61

203 2.5875 2.6870 2.6631 -3.70 0.90 -2.84

332 3.4591 3.4601 3.4854 -0.03 -0.73 -0.75

432 3.4897 3.5253 3.5216 -1.01 0.11 -0.90

C.3.2 4.16 % Submergence level

Table C.3.2. Data for 20 mm ID tube (water) using two 19 mm ID LTPs (bottom & 
top). 4.16 % Submergence level

Air
Injection

1/min

Produced
water,
1/min

%
Variation

First/Second
% Variation 

Second /Third

%
Variation

First/ThirdFirst Second Third
165 0.0000 0.0000 0.0000 - - -
200 0.7208 0.7028 0.7966 2.56 -11.77 -9.52
329 1.9618 1.9634 1.9699 -0.08 -0.33 -0.41
432 2.2341 2.2328 2.2498 0.06 -0.76 -0.70
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C.3.3 RMS of FBHP data

Table C.3.3. RMS of FBHP for 20 mm ID tube (water) using one 19 mm ID LTP 
(bottom & top).

A ir  in je c t io n R M S  o f  F B H P  (psi)
I/m Su b m ergen ce lev e

4.16% 8.33% 12.5% 16.66%
5 0.184 - - 0.731

10.14 0.195 - - 0.7308
15 0.211 - - 0.736
20 0.225 - - 0.733
26 0.239 - - 0.74
33 0.239 - - 0.734
44 0.259 - - 0.759
57 0.269 - - 0.771
71 0.269 - - 0.77
88 0.246 - - 0.757

108 0.221 - - 0.762
131 0.197 - 0.753
169 0.186 - - 0.742
201 0.197 - 0.749
259 0.199 - - 0.746
329 0.222 - - 0.749
386 0.242 - - 0.748
431 0.244 - - 0.756
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C.4 Data for one 17 mm ID LTP located at the middle of the tube 

C.4.1 16.66 % submergence level

Table C.4.1. Data for 20 mm ID tv.be (water) using one 17 mm ID LTP (middle). 16.66 
% Submergence level

Air
Injection
1/min

Produced
water,
1/min

%
Variation
First/Second

% Variation 
Second /Third

%
Variation
First/ThirdFirst Second Third

12 0.0000 0.0000 0.0000 - - -

15 0.0000 0.0000 0.0000 - - -

26 0.7430 0.7335 0.7757 1.30 -5.45 -4.21
70 0.4947 0.4824 0.4584 2.54 5.24 7.92
143 1.1352 1.2284 1.2787 -7.59 -3.94 -11.23
203 2.4042 2.4253 2.4081 -0.87 0.71 -0.16
332 3.1126 3.1353 3.1494 -0.72 -0.45 -1.17
432 3.0940 3.1161 3.1304 -0.71 -0.46 -1.16

C.4.2 4.16 % Submergence level

Table C.4.2. Data for 20 mm ID tube (water) using one 17 mm ID LTP (middle). 4.166 
% Submergence level

Air
Injection

1/min

Produced
water,
1/min

%
Variation

First/Second
% Variation 

Second /Third

%
Variation

First/ThirdFirst Second Third
165 0.0000 0.0000 0.0000 - - -
200 0.6739 0.7154 0.7168 -5.79 -0.20 -5.98
329 1.7483 1.6978 1.7446 2.98 -2.69 0.21
432 1.9343 1.9199 1.9055 0.75 0.75 1.51
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C.4.3 RMS of FBHP data

Table C.4.3. RMS of FBHP for 20 mm ID tube (water) using one 17 mm ID LTP 
(middle).

A ir  in je c tio n R M S of F B lIP (psi)
1/m S u b m ergen ce  lev c

4.1601 8.33% 12.5% 16.66%
5 0.185 0.365 0.545 0 731

10.14 0.196 0.372 0.548 0.731
15 0.211 0.379 0.553 0.737
20 0.225 0.389 0.562 0.738
26 0.243 0.405 0.572 0.742
33 0.234 0.399 0.578 0.741
44 0.256 0.418 0.588 0.759
57 0.258 0.427 0.593 0.759
71 0.251 0.426 0.581 0.758
88 0.238 0.406 0.579 0.754

108 0.195 0.378 0.566 0.748
131 0.192 0.374 0.56 0.744
169 0.187 0.368 0.56 0.746
201 0.197 0.375 0.564 0.747
259 0.207 0.386 0.574 0.752
329 0.237 0.404 0.579 0.754
386 0.252 0.41 0.593 0.752
431 0.266 0.424 0.601 0.751
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C.5 Data for one 17 mm ID LTP located at the bottom of the tube

C.5.1 16.66 % submergence level

Table C.5.1. Data for 20 mm ID tube (water) using one 17 mm ID LTP (bottom). 16.66 
% Submergence level.

Air
Injection

1/min

Produced
water,
1/min % Variation 

First/Second
% Variation 

Second /Third

; % 
Variation

First/ThirdFirst Second Third
12 0.0000 0.0000 0.0000 - - -
15 0.1019 0.1434 0.1609 -28.96 -10.86 -36.68
26 0.8183 0.7604 0.8001 7.63 -4.96 2.29
70 0.4339 0.4856 0.4609 -10.66 5.38 -5.85

143 1.2255 1.2154 1.2315 0.83 -1.31 -0.49
203 2.5605 2.5361 2.5487 0.96 -0.49 0.46
332 3.2233 3.2159 3.2224 0.23 -0.20 0.03
432 3.1989 3.2151 3.2048 -0.50 0.32 -0.18

C.5.2 4.16 % submergence level

Table C.5.2. Data for 20 mm ID tube (water) using one 17 mm ID LTP (bottom). 4.166 
% Submergence level

Air
Injection

1/min

Produced
water,
1/min

%
Variation

First/Second
% Variation 

Second /Third

%
Variation

First/ThirdFirst Second Third
165 0.0000 0.0000 0.0000 - - -
200 0.6760 0.6286 0.6233 7.55 0.85 8.46
329 1.6903 1.6770 1.6821 0.79 -0.30 0.49
432 1.8591 1.8398 1.8419 1.05 -0.12 0.93
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C.5.3 RMS of FBHP data

Table C.5.3. RMS of FBHP for 20 mm ID tube (water) using one 17 mm ID LTP 
(bottom).

A ir  in je c tio n RMS of FBHP (psi)
I/m Submergence love

4.16% 8.33% 12.5% 16.667c
5 0.185 - 0.546 0.734

10.14 0.196 - 0.55 0.734
15 0.214 - 0.556 0.739
20 0.226 - 0.559 0.743
26 0.242 - 0.567 0.753
33 0.241 - 0.552 0.738
44 0.252 - 0.571 0.737
57 0.262 - 0.58 0.768
71 0.253 - 0.575 0.755
88 0.239 - 0.564 0.757

108 0.214 - 0.551 0.742
131 0.193 - 0.56 0.76
169 0.193 0.553 0.743
201 0.195 - 0.564 0.759
259 0.224 0.562 0.754
329 0.267 - 0.582 0.766
386 0.289 - 0.595 0.777
431 0.304 0.597 0.785

C.6 Data for two 17 mm ID LTPs located at bottom and top of the tube

C.6.1 16.66 % submergence level

Table C.6.1. Data for 20 mm ID tube (water) using one 17 mm ID LTP (bottom & top). 
16.66 % Submergence level

1/min First Second Third First/Second Second /Third First/Third
11.5 0.0000 0.0000 0.0000 - - -

15.0 0.0000 0.0000 0.0000 - - -

26.0 0.7276 0.7579 0.7972 -4.00 -4.93 -8.74
70 0.4838 0.4413 0.4693 9.64 -5.98 3.08

143 1.1491 1.1272 1.1700 1.95 -3.66 -1.78
203 2.4093 2.4376 2.4279 -1.16 0.40 -0.77
332 2.9573 2.9634 2.9748 -0.20 -0.38 -0.59
432 2.9194 2.9259 2.9148 -0.22 0.38 0.16
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C.6.2 4.16 % Submergence level

Table C.6.2. Data for 20 mm ID tube (water) using one 17 mm ID LTP (bottom & top).
4.16%  Submergence level

Air
Injection

1/min

Produced
water,
1/min

%
Variation

First/Second
% Variation 

Second /Third

%
Variation

First/ThirdFirst Second Third
165 0.0000 0.0000 0.0000 - - -
200 0.7037 0.7366 0.7075 -4.46 4.12 -0.53
329 1.8069 1.7771 1.8133 1.68 -2.00 -0.35
432 2.0177 2.0247 2.0346 -0.34 -0.49 -0.83

C.6.3 RMS of FBHP

Table C.6.3. RMS of FBHP for 20 mm ID tube (water) using one 17 mm ID LTP 
(bottom & top).

A ir  in jec tio n
1/m

RM S o f  FBHP (psi) 
Submergence level

4.16% 8.33%. 12.5% 16.66%.
5 0 .1 8 8 - - 0 .7 2 5

1 0 .1 4 0 .1 9 8 - - 0 .7 2 8

15 0 .2 1 3 - - 0 .7 3 4

2 0 0 .2 2 6 - - 0 .7 3 8

2 6 0 .2 4 8 - - 0 .7 4 7

3 3 0 .2 3 3 - - 0 .7 5 4

4 4 0 .2 5 4 - - 0 .7 5 4

5 7 0 .2 5 6 - - 0 .7 6 4

71 0 .2 4 9 - - 0 .7 5 7

8 8 0 .2 4 4 - - 0 .7 5 5

1 0 8 0 .2 1 7 - - 0 .7 5 1

131 0 .1 9 4 - - 0 .7 6 5

1 6 9 0 .1 9 5 - - 0 .7 5 2

2 0 1 0 .1 9 3 - - 0 .7 6 2

2 5 9 0 .2 2 - - 0 .7 6 6

3 2 9 0 .2 7 4 - - 0 .7 6 5

3 8 6 0 .3 1 1 - - 0 .7 9 3

4 3 1 0 .3 3 3 - - 0 .7 9 5
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APPENDIX D 

EXPERIMENTAL RESULTS FOR THE WATER/AIR 

GAS LIFT SYSTEM UTILIZING LTPs IN THE 12 mm ID TUBE.

D .l Data for the 11 mm ID LTP located at the middle of the tube.

D.1.1 16.66 % submergence level

Table D.1.1. Data for 12 mm ID tube (water) using one 11 mm ID LTP (middle). 16.66 
% Submergence level

Air Injection 
I/min

Produced
water,
1/min % Variation 

First/Second
% Variation 
Second /Third

%
Variation
First/ThirdFirst Second Third

3 0.000 0.000 0.000 - - -
3.752 0.186 0.181 0.175 2.58 3.52 6.19
8.031 0.434 0.426 0.421 1.81 1.18 3.01
10.94 0.486 0.450 0.474 8.11 -5.00 2.70
15.09 0.411 0.434 0.396 -5.14 9.64 4.00
20.02 0.200 0.172 0.188 16.11 -8.61 6.11
25.12 0.186 0.195 0.201 -4.35 -3.25 -7.45
26.06 0.192 0.195 0.216 -1.44 -9.74 -11.04
74 0.426 0.426 0.429 0.00 -0.71 -0.71
110 0.397 0.368 0.364 7.95 1.23 9.27
163 0.324 0.329 0.329 -1.35 0.00 -1.35
212 0.308 0.300 0.291 2.56 3.13 5.77
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D.1.2 12.5 % submergence level

Table D.1.2. Data for 12 mm ID tube (water) using one 11 mm ID LTP (middle). 12.5
% Submergence level

Air
Injection
1/min

Produced
water,
1/min % Variation 

First/Second
% Variation 
Second /Third

%
Variation
First/ThirdFirst Second Third

4 0.000 0.000 0.000 - - -
4.714 0.086 0.084 0.081 2.143 4.196 6.429
8.031 0.182 0.216 0.203 -15.909 6.306 -10.606
10.94 0.222 0.229 0.242 -2.963 -5.344 -8.148
15.09 0.159 0.188 0.149 -15.232 25.781 6.623
20.02 0.018 0.022 0.025 -18.284 -13.699 -29.478
25.12 0.035 0.031 0.032 14.599 -3.185 10.949
26.06 0.041 0.037 0.041 9.322 -10.078 -1.695
74 0.289 0.271 0.273 6.627 -0.565 6.024
110 0.282 0.271 0.284 4.118 -4.520 -0.588
163 0.257 0.259 0.259 -0.714 0.000 -0.714
212 0.250 0.243 0.240 2.778 1.351 4.167

D.1.3 8.33 % submergence level

Table D.1.3. Data for 12 mm ID tube (water) using one 11 mm ID LTP (middle). 8.33 
% Submergence level

Air Injection 
1/min

Produced
water,
1/min % Variation 

First/Second
% Variation 
Second /Third

% Variation 
First/ThirdFirst Second Third

7.5 0.0000 0.0000 0.0000 - - -

8.031 0.0196 0.0194 0.0233 0.95 -16.60 -15.80
10.94 0.0038 0.0046 0.0032 -17.46 44.23 19.05
15.09 0.0003 0.0014 0.0012 -80.24 18.07 -76.67
20.02 0.0000 0.0000 0.0000 - - -

25.12 0.0000 0.0000 0.0000 - - -

26.06 0.0000 0.0000 0.0000 - - -

74 0.1633 0.1667 0.1538 -2.04 8.33 6.12
110 0.1890 0.1920 0.1890 -1.57 1.60 0.00
163 0.1920 0.1920 0.1920 0.00 0.00 0.00
212 0.1875 0.1860 0.1890 0.78 -1.55 -0.78
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D.1.4 4.16 % submergence level

Table D.1.4. Data for 12 mm ID tube (water) using one 11 mm ID LTP (middle). 4.16
% Submergence level

Air Injection 
1/min

Produced
water,
1/min % Variation 

First/Second
% Variation 
Second /Third

% Variation 
First/ThirdFirst Second Third

8.031 0.0000 0.0000 0.0000 - - -

10.94 0.0000 0.0000 0.0000 - - -

15.09 0.0000 0.0000 0.0000 - - -

20.02 0.0000 0.0000 0.0000 - - -

25.12 0.0000 0.0000 0.0000 - - -

60 0.0000 0.0000 0.0000 - - -

74 0.0377 0.0458 0.0423 -17.61 8.40 -10.69
110 0.1154 0.1165 0.1188 -0.96 -1.94 -2.88
163 0.1290 0.1319 0.1290 -2.15 2.20 0.00
212 0.1143 0.1319 0.1290 -13.33 2.20 -11.43
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D.1.5 RMS of FBHP data

Table D.1.5. RMS of FBHP for 12 mm ID tube (water) using one 11 mm ID 
(middle).

Air injeclion RM S o f  FBH P (psi)

Subm ergence level
4.16% 8.33% 12.5% 16.66%

0.532 0.183 0.363 0.543 0 .724

1.508 0.193 0.367 0.545 0.725
2.612 0.188 0.365 0 .544 0 .724
3.752 0 .544 0.725
4 .216 0 .539
5 0.191 0 .366 0 .722
6 .232 0 .726

7.513 0 .209 0.381 0.547 0 .729
10.14 0.24 0 .392 0.551 0 .727
12.85 0.404 0 .564 0 .727
15.66 0.247 0.4 0.573 0.75
18.55 0.245 0.394 0 .572 0 .742

20 0.237 0 .396 0.745
23 0 .236 0 .389 0 .568 0 .746
26 0.225 0.385 0 .568 0 .739
33 0.247 0.395 0.568 0 .744
44 0 .213 0.381 0 .556 0 .734

57 0.195 0.367 0.545 0 .729
71 0 .188 0 .362 0 .542 0 .728
88 0 .183 0.361 0.543 0 .727
108 0.185 0.365 0 .542 0 .727

131 0 .189 0 .369 0.545 0 .729
169 0.203 0.381 0.555 0 .736
201 0.221 0.391 0.563 0 .744

259 0 .24 0.403 0.57 0 .754

329 0.261 0 .406 0.58 0 .756
386 0.325 0.448 0.59 0 .764
431 0 .368 0.494 0.651 0 .806
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D.2 Data for the 9 mm ID LTP located at the middle of the tube.

D.2.116.66 % Submergence level

Table D.2.1. Data for 12 mm ID tubs (water) using one 9 mm ID LTP (middle). 16.66 
% Submergence level

Air Injection 
1/min

Produced
water,
1/min % Variation 

First/Second
% Variation 
Second /Third

% Variation 
First/ThirdFirst Second Third

3 0.000 0.000 0.000 - - -
3.752 0.179 0.173 0.168 3.73 2.88 6.72
8.031 0.389 0.387 0.389 0.54 -0.54 0.00
10.94 0.393 0.398 0.391 -1.09 1.66 0.55
15.09 0.346 0.367 0.346 -5.77 6.12 0.00
20.02 0.216 0.209 0.198 3.60 5.65 9.46
25.12 0.203 0.209 0.198 -2.54 5.22 2.54
26.06 0.208 0.210 0.212 -0.87 -1.31 -2.16
74 0.416 0.407 0.409 2.31 -0.56 1.73
110 0.379 0.358 0.362 5.79 -1.00 4.74
162 0.293 0.299 0.308 -2.03 -2.90 -4.88
212 0.270 0.264 0.265 2.25 -0.37 1.87

D.2.2 12.5 % Submergence level

Table D.2.2. Data for 12 mm ID tube (water) using one 9 mm ID LTP (middle). 12.5 % 
Submergence level

Air Injection 
1/min

Produced
water,
l/ntin % Variation 

First/Second
% Variation 
Second /Third

% Variation 
First/ThirdFirst Second Third

4 0.000 0.000 0.000 - - -
4.714 0.070 0.069 0.067 0.581 2.890 3.488
8.031 0.160 0.153 0.144 4.255 6.633 11.170
10.94 0.154 0.153 0.158 0.513 -3.061 -2.564
15.09 0.072 0.090 0.081 -19.931 11.588 -10.653
20.02 0.023 0.018 0.018 27.536 0.000 27.536
25.12 0.039 0.032 0.033 19.355 -2.703 16.129
26.06 0.043 0.035 0.035 25.225 -2.158 22.523
74 0.267 0.262 0.281 1.667 -6.740 -5.185
110 0.270 0.276 0.261 -2.252 5.991 3.604
163 0.245 0.244 0.244 0.510 0.000 0.510
212 0.220 0.211 0.214 4.587 -1.754 2.752
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D.2.3 8.33 % Submergence level

Table D.2.3. Data for 12 mm ID tube (water) using one 9 mm ID LTP (middle). 8.33 %
Submergence level

Air Injection 
1/min

Produced
water,
1/min % Variation 

First/Second
% Variation 
Second /Third

% Variation 
First/ThirdFirst Second Third

7.5 0.0000 0.0000 0.0000 - - -
8.031 0.0011 0.0020 0.0022 -44.40 -7.24 -48.43
10.94 0.0029 0.0064 0.0053 -54.69 20.45 -45.43
15.09 0.0005 0.0014 0.0012 -63.44 13.95 -58.34
20.02 0.0002 0.0004 0.0002 -59.38 65.70 -100.00
25.12 0.0006 0.0008 0.0004 -22.49 123.49 -100.00
26.06 0.0009 0.0009 0.0010 -6.19 -10.87 -100.02
74 0.1387 0.1356 0.1297 2.31 4.52 6.94
110 0.1739 0.1727 0.1727 0.72 0.00 0.72
163 0.1739 0.1739 0.1739 0.00 0.00 0.00
212 0.1633 0.1667 0.1644 -2.04 1.39 -0.68

D.2.4 4.16 % Submergence level

Table D.2.4. Data for 12 mm ID tube (water) using one 9 mm ID LTP (middle). 4.16 % 
Submergence level

Air Injection 
1/min

Produced
water,
1/min % Variation 

First/Second
% Variation 
Second /Third

% Variation 
First/ThirdFirst Second Third

8.031 0.0000 0.0000 0.0000 - - -

10.94 0.0000 0.0000 0.0000 - - -

15.09 0.0000 0.0000 0.0000 - - -

20.02 0.0000 0.0000 0.0000 - - -

25.12 0.0000 0.0000 0.0000 - - -

60 0.0000 0.0000 0.0000 - - -

74 0.0502 0.0462 0.0449 8.79 2.69 11.72
110 0.0851 0.0923 0.0968 -7.80 -4.62 -12.06
163 0.1132 0.1091 0.1091 3.77 0.00 3.77
212 0.1143 0.1154 0.1154 -0.95 0.00 -0.95
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D.2.5 RMS of FBHP data

Table D.2.5. RMS of FBHP for 12 mm ID tube (water) using one 9 mm ID LTP 
(middle).

Air injection RMS of l HHP {psi)
I/m Submergence level

4.166; 8.336; 12.56; 16.666;
0.532 0.184 0.363 0.532 0.724
1.508 0.192 0.366 0.544 0.726
2.612 0.192 - 0.544 0.726
3.752 0.19 0.366 0.543
5 0.191 0.367 0.543 0.724
6.232 0.194 0.369 0.544 0.725
7.513 0.203 0.369 0.544 0.727
10.14 0.233 0.381 0.548 0.728
12.85 - 0.388 0.554 0.732
15.66 0.246 0.393 0.566 0.744
18.55 0.231 0.398 0.567 0.746
20 0.236 0.399 0.566 0.746
23 0.231 0.396 0.564 0.745
26 0.224 0.389 0.564 0.742
33 0.239 0.399 0.569 0.747
44 0.209 0.383 0.556 0.736
57 0.196 0.37 0.548 0.731
71 0.189 0.363 0.546 0.729
88 0.183 0.363 0.55 0.729
108 0.186 0.366 0.552 0.732
131 0.195 0.373 0.558 0.737
169 0.213 0.382 0.566 0.744
201 0.225 0.396 0.578 0.753
259 0.244 0.406 0.585 0.76
329 0.254 0.418 0.59 0.767
386 0.2826 0.436 0.608 0.774
431 0.285 0.453 0.623 0.808
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APPENDIX E

EXPERIMENTAL RESULTS FOR THE WATER/AIR GAS LIFT 

SYSTEM UTILIZING A 7 mm ID LTP IN 8 mm ID TUBE.

E .l RMS of FBHP

Table E .l. RMS of FBHP for 8 mm ID tube (water) using one 8 mm ID LTP (middle).

Air
injection

RMS of FBHP (psi)

1/m Submergence level
4.16% 8.33%

0.0581 0.18112 0.726034713
0.532 0.181476 0.726351543
1.108 0.186362 0.726409317
1.508 0.192076 0.72635728
2.612 0.189025 0.727074758
3.752 0.217408 0.730186234

5 0.240627 0.738034171
6.232 0.231753 0.741389121
7.513 0.229581 0.757662661
10.14 0.211837 0.740916257
12.85 0.199573 0.73868736
15.66 0.194132 0.735301878
18.55 0.187155 0.733182449

20 0.185621 0.732153513
23 0.182783 0.730219317
26 0.179471 0.729973583
30 0.18869 0.728886758
40 - 0.727310827
50 0.183854 0.726850581
60 0.185002 0.72753956
70 0.184525 0.726344575
80 - 0.726966234
90 - 0.726205152

100 - 0.727686002
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