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Abstract. This paper presents a laboratory-scale experimental investigation on the performance of hori-
zontal-vertical well configurations in conjunction with oil recovery by alkaline flooding. Emphasis focuses
on the effect of the horizontal well position and length on oil recovery. The effect of three alkali solution
types, [i.¢. sodium carbonate (Na,CO;), sodium ortho-silicare (Na,Si0,)}, and sodium hydroxide (NaOH)]
on cumulative oil yield, in both secondary and tertiary recovery processes is also investigated, using a
linear model and various horizontal-vertical schemes.

[t was found that displacing Safaniya crude cil by a 1% NaOH solution results in higher oil recoveries
inboth linear and horizontal-vertical schemes. Morcover, the highest oil recovery through horizontal-ver-
tical schemes was obtained by positioning the horizontal well perpendicular to the line connecting both
vertical producing wells with a length that does not extend to the reservoir boundary. It was also found that
the oil displacement efficiency in the tertiary process is much higher than that encountered in the secon-
dary process. Also, increasing honizontal well length in a limited reservoir area does not increase the
cumulative oil recovery.

Introduction

With the continuing progress in drilling techniques, the use of horizontal wells has
been increasing very rapidly throughout the oil industry. However, in spite of a
recent tremendous increase in published literature references, little information is
availablc on horizontal well applications for enhanced oil recovery (EOR) mcthods
[1]. Many published articles show that horizontal wells are used so far primarily to
solve specific production problems. These include low permeability formations and
especially fractured formations, low permeability gas reservoirs, unusual gas
sources, gas or waler coning, thin formations, and viscous oil [2,3].
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Most horizontal applications of the EQR activity have been in the area of ther-
mai recovery, primarily in conjunction with steam stimulation and steam drive oper-
ations [4,5]. Published information on the use of horizontal injection wells, other
than for thermal recovery, is scanty. However, the nced for systems of both horizon-
tal injection and vertical production wells, as a means of increasing flooding rate in
EOR, has been mentioned [6-Y]. Early laboratory work [10] showed that the use of
a horizontal well as an injector in alkaline flooding increases oil recovery by a
minimum of 8.5 per cent of initial oil in place (IOIP) relative to a vertical injector
well.

This paper investigates the effect of horizontal-vertical well configurations in a
reclangular parallelepiped sand pack laboratory model on oil recovery by alkaline
flooding. It also discusses the effect of alkali type and concentration on vil recovery
in both the secondary and tertiary processes. Safaniya crude oil from Saudi Aramco
was used to qualitatively investigate the effect of horizontal-vertical well configura-
tions in a laboratory-scale rectangular block simulating a reservoir producing oil by
alkaline flooding.

Scaling Parameter Calculations

In enhanced oil recovery, the scaling technigue is usually adopted to interrelate
the variables pertinent to fluid flow in porous media. The most comprehensive scal-
ing technique treatment is given by Henley ef al. [11] and Perkins et al. [12]. This
involves the calculations of seven dimensionless groups: well spacing, well radius,
well penetration, cumulative oil production, mobility ratio, gravity force to viscous
force ratio and capillary force to viscous force ratio. Some of these parameters were
calculated for the model used in this study. A comparison between the calculated
scaling paramcters and the practical ranges quoted from Henley et al. [11] is given in
Table i. This table shows that the calculated scaling parameters are in agreement
with the practical ranges. The vertical permeahility is assumed equal ta the horizon-
tal permeability. The seventh parameter is not caiculated because of the difficulty to
measure capillary forces in the model. The scale up parameters were originally con-
ceived for vertical wells; the sclected horizontal well has the same vertical well
diameter, based on the modeling techniques suggested by Chang er al. [8].

Experimental Work
Fluid properties

The physical properties of the fluids used in this study are given in Table 2. The
investigated Safaniya crude oil was obtained from Saudi Aramco. The alkali types
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Table 1. Comparison between geometrical scaling parameters of used model and possible practical ranges
recommended by Henley ef al, [11].

3 . Possibl:.:gr:ctical S[el:;cdt:ld
Dimensionless well spacing = (a/h) V' K K, 2.0 - 20.0 15.896
Dimensionless well radius = (r,/h) V' k/k, 0.0008-02  0.06
Dimensionless weil penetration = b/h 00-1.6 1.0
Cumulative production parameter = Ah¢[1 =8, -5,/ 0] 1.0 1.0
Mobility ratio = k, ., /k p, 0.1-10.0 0.13
Gravity force / viscosity force= kg AP A/Qu, 0.0 — 1000 97.48
Capillary force / gravity force = ocos8( V kg ) APh 0.0~ 15 NC*

*NC = Non calculated

Table 2. Grain size distribution of sand used in packing processes

Mesh nmnber Weight percent
30 0.46
40 16.15
50 55.39
60 13.62
70 6.93
80 4.11

100 1.44
120 110
pan u.8
Total 100.00

used were sodium hydroxide (NaOH), sodium carbonate (Na,CO,) and sodium
ortho-silicate (Na,Si0O,).

The measurements of interfacial tension between different solutions and
Safaniya crude oil were carried out by means of a digital tensiometer model K10,
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manufactured by Krauss, Hamburg, Germany. A Brookfield viscometer model
LVT, manufactured by Brookfield Engineering Laboratories, Inc., USA, was used
to measure liquid viscosities. The fluid acidity was determined by a 523 pH meter
model manmufactured by Wissenschafilich Technische Werkstatten. Wilheim, Ger-
many. Buffer solutions were used for calibration before measurements.

A

1 2
=3
-4
1. Aircompressor 8. Pressuregauge
2. Watersupply 9. Controd valve
3. Oilsupply 10 inlet model valve
4. Handpump 11. Graduated cylinders
5. Qil reservoir 12. Rectangular parallelepiped sand pack
6. Water reservoir 13. Qutlet fluid valves
7. Inletpressure valves 14. Tohigh pressureling

Fig. 1. Displacement apparatus setup,

Experimental apparatus

The experimental apparatus is shown in Fig. 1. Two displacement models were
used for experimentation; a linear model and a rectangular parallelepiped model.
The linear model consisted of a steel tube with 5 cm diameter and 61 cm length. The
rectanguiar parallelepiped sand pack model was a transparent perespex section with

inner dimensions of 28.1 X 28.1 x 2.5 cm. Five configuration schemes of the sand
pack model were investigated.
Well configurations

The selected well configuration simulate field applications of a horizontal injec-
tion well in conjunction with already existing production vertical wells. The investi-
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gated well configuration schemes are schematically shown in Fig. 2, and are
described below:

Linear Model

Scheme 1

Scheme2

Scheme 3

Scheme 4

Scheme 5
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Fig. 2. Experimental well configurations.
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1. Scheme 1 consists of a vertical injcction well and a vertical production well. It is
used for comparison as a conventional alkaline flooding case.

2. Scheme 2 is composed of a horizontal injection well and two vertical production
wells. The horizontal well axis is a diagonal perpendicular to the line connecting
the two vertical wells.

3. Scheme 3 is similar to scheme 2 with a reduction of the horizontal well length to
half its value.

4. Scheme 4 consists of a horizontal injection well and two vertical production
wells. The horizontal well axis forms a 45 degree angle with the line connecting
both vertical wells.

5. Scheme 5 is similar to scheme 4 with a reduction of the horizontal well length to
half its value.

Perforated 0.5 cm outside diameter stainless steel tubings with 0.3 cm inside

diameter were used as horizontal and vertical wells. The wells were enveloped with a
200 mesh screen to prevent sand production and end effects.

A vacuum pump was used to evacuate the model and its conncctions before the
start of each experiment. Three stainless steel tanks contained the oil, formation
water, and alkaline solution. A high pressure feeding line was used to inject different
liquids into the model. The pressure at the inlet was measured by a pressure gauge.
The experiments were conducted at room temperature.

Experimental procedure

The models were packed with friable sand brought from Half Moon Bay (East-
ern Province) located on the Arabian Gulf. The grain size distribution of the sand is
given in Table 2. The sand pack had an average porosity of 34.26% and a permeabil-
ity of 1.4 darcy. The experimental assembly was then completely evacuated from air
by means of the vacuum pump. The model was then saturated with brine water.
From the volume of water and the amount of sand, the experimental porosity was
calculated. The absolute permeability value was obtained through circulating the
formation water at a given pressure drop across the linear model or across the sand
pack using both vertical wells.

The following equation was used to calculate the absolute permeability [13]:
3.541 kh (P;-P,)

]

Q=
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Injection of oil was then carried out until complete oil saturation of the model
was reached, corresponding to the inifial saturation conditions. For the secondary
displacement process, caustic solution was continuously injected either through the
linear model or through the horizontal well from the beginning of the displacement
process. A tertiary displacement process was performed through injecting alkaline
solutions following secondary waterflooding. The products were collected from the
two vertical wells and expressed as ratios of the model pore volume. The amount of
oil produced was determined and recorded for each well for horizontal well displace-
ment. All chemical solutions were freshly prepared just before use to avoid any air
exposure or precipitation effects.

Results and Discussion

- The main objective of this research is to evaluate the performance of horizontal-
vertical well configurations in secondary and tertiary alkaline solution flooding,
using a rectangular parallelepiped sand pack model. To achieve this objective, a
linear model was first used to evaluate the displacement efficiency of alkaline solu-
_ tions, namely, sodium hydroxide (NaOH), sodium carbonate (Na,C(,) and sodium
ortho-silicate {Na,SiO,) to produce Safaniya crude oil from a sand pack laboratory
model. The solution achieving the highest oil recovery in the linear model was used
in the horizontal-vertical alkaline flooding processes.

Type of alkaline utilized

The selection of an alkali type was based on interfacial tension as well as surface
tension of the solution [14-17]. Table 3 gives these properties for the three alkali
materials. The plot of these properties in Fig. 3, indicates that the lowest viscosity
results from the use of one per cent sodium hydroxide (NaOH). A one per cent
sodium carbonate {(Na,CO,) minimizes interfacial tension. Lowest surface tension
occurs when using a 0.5% Na,CQ; concentration.

Linear model alkaline flooding experiments were run to categorize the alkaline
type and alkaline concentration on displacement efficiency basis. The results are
given in Table 4, and are graphically plotted on Fig. 4. It appears that the highest oil
recovery is obtained when using a one per cent NaOH alkaline solution. This same
NaOH concentration was, therefore, utilized in all displacement runs.

Qil recovery through vertical and horizontal wells

In order to differentiate between the performance of a vertical injector and that
of a horizontal injector, the second model (scheme 1) was used to run displacements
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Table 3. Physical properties of fluids vsed

Interfacial Surface pH ~
Fluid type Concentration Viscosity tension tension value
% mPa.s mN/m mN/m
Crude oit - 54.00 282 31.0 1.5
Brine 3.5NaCl 1.26 9.1 66.5 95
Alkaline 0.5Na,Si0, 1.25 03 41.1 108
solution
" 1.0NaSiO, 1.185 0.5 420 10.9
" 1.5Na,SiO, 1.267 0.3 425 1.1
" 0.5NaOH 1.213 1.5 55.0 12.78
" 1.0NaCOH 1.107 0.4 55.4 13.07
" 1.5NaOH 1.6 1.3 56.0 13.10
" 0.5 Na,CO, 1.15 0.3 348 10.6
" 1.ONa,CO, 1.173 0.2 55.6 10.75
" 1.5Na,CO, 1.228 0.5 4.2 0.8

* Viscosity, 1+ Interfacial tension * Surface tension < pH value |

Viscosity, mPa.s & tFT, mN/m

1 L

L I i
05 10 15

05 10 15
Na,SiO, NaOH

Alkaline concentration, %

05 1

Fig. 3. Effect of alkaline type and concentration on physical properties of solution.

.0 15
Na,C0O,4

Surface tension, mN/m & pH value
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Fig. 4. Oil recovery and residual oil by alkaline flooding through linear model.

by alkaline solutions (a vertical injector well and a vertical producer well). The same
experiments were run by introducin g the alkaline solution through a horizontal injec-
tor well (scheme 2), being collected from two vertical production wells. These exper-
iments were run with 0.5, 1.0 and 1.5% NaOH solutions.

The results are compiled in Table 5 and are plotted on Fig. 5. They indicate that
horizontal wells increase oil recovery by a minimum of 8.5 per cent of the original oil
in place and accelerate production. This is due to the fact that the horizontal well con-
figuration results in the sweep of a larger portion of the reservoir. Figure S also com-
pares between oil recoveries for the linear, vertical injector-vertical producer and the
horizontal injector-vertical producer models at different sodium hydroxide (NaOH)
concentration levels. It appears that the horizontal injector is better performing and
thar a one per cent NaOH concentration achieves the highest Safaniya crude oil
recovery. The increase in oil recovery is attributed to an improved sweep pattcrn and
to the formation of surfactants through combination of sodium hydroxide with
organic acids naturally present in Safaniya crude oil.
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Fig. 5. Effect of model type on oil recovery by alkaline flooding.

Effect of well configuration schemes in secondary and tertiary processes

In order to investigate the effect of horizontal well configuration and length, dis-
placement runs were conducted using the 5 schemes described before. The experi-
ments were carried out for both secondary and tertiary production processes.
Alkaline secondary recovery was achieved through alkaline solution injection from
the beginning of the experiments, while in tertiary recovery, oil displacement with
alkaline solution followed water-flooding. The results are given in Table 5 and are
graphically represented in Fig. 6.

The results indicate that scheme 3 produces the best cumulative oil TECOVCTY
among all investigated schemes. Scheme 5 also produces a higher cumulative oil
recovery than scheme 4. Higher oil recoveries with a smaHer horizontal well length
can be attributed to better oil sweep pattcrns. It is believed that the smaller well
length generates a uniform ellipsoidal flow pattern around the well and prevents fin-
gering of the displacing fluid through the boundary. Horizontal wells not extending
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Fig. 6. Comparison of oil recovery in secondary and tertiary processes in horizontal-vertical schemes.

in length to the reservoir boundary thus increase oil recovery through sweep pattern
inprovement.

Concerning the horizonial well layout, investigational results indicate that pos-
itioning the horizontal well perpendicular to the line connecting two vertical wells
produce much more oil than a well inclined relative to mentioned position (schemes
2 and 4). This is because the perpendicular configuration divides the swept area into
two equal triangles with both vertical producing wells located at the summit of each
triangle. Such configuration minimizes the average flow path of swept oil between
the horizontal injector and both vertical productors.

Figure 6 also reveals that the tertiary recovery process yields more oil than does
the secondary process which indicates that alkaline solutions exhibit higher displace-
ment efficiencies for Safaniya crude oil at higher water saturation levels.

Effect of horizontal well length on oil recovery

Four experiments were run with horizontal well lengths of 0.25 and 0.75 of the
full length for each scheme. The results are plotted in Fig. 7, for horizontal injector
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Fig. 7. Effect of borizontal well length on tertiary oil recovery for schemes 2 and 4.

lengths ranging from zero V(—\;:rtical injector) to full value (L). It appears that 0.26 L

achieves the highest oil recovery; later decreases gradually with increasing horizontal
injection length,

Conclusion
The obtained experimental results lead to the following conclusions:

Safaniya oil recovery tests, through displacement with alkaline solutions, indi-
cate that sodium hydroxide (NaOH) is better than sodium carbonate (Na,CO,)
and sodium ortho-silicate (Na,S$i0O,). The highest recovery is obtained by inject-
ing one percent NaOH solution.

The injection of alkaline solution through horizontal wells achieves a better
sweep and a higher oil recovery than those experienced when using vertical wells
or unidirectional displacement flow patterns.

Positioning the horizontal injector well perpendicular to the line connecting
both vertical production wells achieves the highest oil recovery relative to other
well configuratios. Injector well interference with the model or th reservoir
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boundary should be avoided.

The use of alkaline flooding as a tertiary recovery process produces more oil
than it achieves in secondary recovery process because of improved oil displace-
ment efficiency at higher water saturation levels.

Increasing horizontal well length in a limited reservoir area reduces cumulative
oil recovery.

Nomenclature

= well production area, ft?

well spacing, ft

= vertical well penetration, ft

distance between vertical wells, ft

gravitational constant, 32.2

formation thickness or model thickness, ft

absolute permeability, darcy

effective oil permeability, darcy

effective water permeability, darcy

vertical permeability, darcy

= horizontal permeability, darcy

horizontal well length, ft

inlet pressure, psi

outlet pressure, psi

pressure difference, psi

= flow rate in cquation, bbl/day or production rate in gecometrical
parameters, Table 1

= well radius, ft

initial oil saturation

initial water saturation

time

viscosity, cp

oil viscosity, cp

= walter viscosity, cp

shear stress, psi

= contact angle

0

1

References

Taber, 1.J. and Seright, R.S. “Horizontal Injection and Production Wells for EOR or Waterflood-
ing.” SPE paper No. 23952, presented at the 1992 SPE Permian Basin Oil and Gas Recovery Confer-
ence, held in Midland, Texas, March 16-20, 1992, pp. 87-100.



74 A.H. El-Sayed; M.S. Al-Blehed and A.M. Attia

[2] Peterson, S.K. and Holditch, $.A. “Apptlication and Economics of Horizontal Wells for Stimulating
Low Gas Reservoirs.” SPE paper No. 23446, presented at the /997 SPE Eastern Regional Meeting,
Lexington, Kentucky, Oct. 23-25, 1991, pp. 315-325,

[3] King,'G.R. and Ertekin, T. “Comparative Evaluation of Vertical and Horizontal Drainage Wells for
the Degasification of Coal Steams.” SPERE, May 1988, pp. 720-734.

[4] Joshi, $.D_ “Thermal Oil Recovery with Horizontal Wells,” JPT, Nov. 1991, pp- 1302-1304.

[5] Dietrich, J.K. “The Kern River Horizontal-well Steam Pilot.” SPERE. Aug. 1988 pp. 935014,

[6] Taber, J.J. “Research on Enhanced Qil Recovery: Past, Present and Future.” In: Surface
Phenomena in Enhanced Oil Recovery, New York: Plenum Press, 1981.

[71 Taber, J.J. “Environment Improvements on the Better Economics in EOR Operations.” In Situ,
14(4), 1990, 345-404.

{8] Chang, H.L.; Ali, $.M.F. and George, A.E. “Performance of Horizontal-vertical Combination for
Steam Flooding Bottom Water Formation.” JCPT, 31, No. 5 (May, 1992), 41-51.

[9] Bagi, S. and Grumh, F. “An Examinavion of Steam Injection Processes in Horizontal and Vertical
Wells for Heavy Oil Recovery.” Journal of Petroleum Engineering and Science, No. 8 (1992), 59-72.

[10] El-Sayed, A.A.H.: Al-Blehed, M.S. and Sayyouh, M.H. “Experimental Study of Caustic Flooding
Through Horizontal Well.” The Journal of Japan Petroleum Instinute. 37, No. 1(1994), 84-89.

[11] Henley, D.H.; Owens, W.W. and Craig, F.F. Jr. “A Scaled Model Study of Bottom-Water Drive.”
JPT, (Jan. 1961), 90-98.

[12] Perkins, Jr., F.M. and Collins, R.E. “Scaling Laws for Laboratory Flow Models of Oil Reservoirs.”
JPT, (Aug. 1960, 69-71.

[13] Wilthite, G. Waterflooding. Second Printing, Richardson. Texas: Society of Petroleum Engineers,
1986.

[14] Tennings, Jr. and Harley, Y. “A Study of Caustic Solution-Crude Oil Interfacial Tensions.” SPE],
(Tune 1975), 197-202.

[15] Abrams, A. “The Influence of Fluid Viscosity, Interfacial Tension and Flow Velocity on Residual
Oil Saturation by Waterflooding.” SPEJ, (October 1975), 437-447.

[16] Southwick, J.G. “Solubility of Silica in Alkaline Solutions: Implication for Alkaline Flooding.”
SPEJ, (December 1985), 857-864.

[17] Kumrine, P.H.; Falcone, 1.S. and Campbell, T.C. “Surfactant Flooding 1: Effect of Alkaline Addi-
tives on IFT, Surfactant Adsorption and Recovery Efficiency.” SPEJ (August 1982), 503-513.



Laboratory Study on the Effect of Horizontal-Vertical ... 75

Jaiclh 2] Jo ol B2 23Y WY B Al o dans 1ty
gl .L_.,.s_,,.».,» Jg# plasaady

b 3 gas Lhe 3 dgldl s o Set o damndt r:lhr_‘.ldl.l..&
Ao o capam S daale ¢ otidf LS il ki i

Lapandl Ly padl I VVEXY LS
L LT AVA R IS U R PR T FA VAR SY ol

Lghay 5 sl J1_ 223 LW (s 5o e o é Clane L‘.M\ iyl eda pdis ol yasile
il L) e da*JIrJI Jgley O 3 51 J.:—L._sJSJ.us SoLal jandly haahl Aol
JGLJ « (Na,CO) ry:,..al'l Ay S A9 M cagglal Jlt e C—"t u‘)’uﬁ[. L-.ﬂatg_..'.-u 5y
cllee e S 3 il L) Je (NaOH) r_,.;.y...a.l\ daS's she s (N2 SIO) f_,::_,..ali LS
T I el ity 4 A

far (NGOH) pprgeall oSy 3o (2L i) 71N ol ilis Jais 2-13) ot sy A3y
Jdel 0B & o adhe ciml - @Y LY oy Jadl Zagadl e S J kil L) el
JF ($29a8 madye J quS"I A iy card L Ll LW r.lm rl.L-._.-L! Laasl) L)
T30 86 OF Ll dg LS ¢ a0 agiom 4f e Y Il g Ol 8] (650 ot Jro il
A dgk aal; 0TS (it Y colhes e 2S5 Josail ZUSW L Cllaall plaszad,
S e il Jait 1S e a5 Y AL a8 a8 Y



