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Foam injection into horizontal cells with channels of different openings
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This paper discusses experimentally the advance and distribution of preformed, wet aqueous foam flow when it is injected into a horizon-
tal rectangular cell with different transversal opening channels. Speeds of the simultaneous foam fronts in each channel were obtained
experimentally. The relationship between bubble size and the opening of the channel, the apparent viscosity and the friction factor were
obtained with experimental data. Experiments were performed under three different injection pressures. The diversion of the foam flow into
the transversal channel was also studied. With these experiments we show that the foam flow stream is affected by sudden changes in the
geometry.
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1. Introduction changes too. In this sense, to make a rheological model it is
necessary to know more characteristics of the foams like the

The study of aqueous foams is of great interest for the sciean bubble size and its size distribution [1,2]. When the

entific community as it is of utility in several industrial pro- foam is contained in a recipient with larger dimensions than

cesses, for instance, food, pharmaceutical, and manufactup&e mean bubble, we consider that the foam Roirlk™ [4].

industries. Oil industry mainly employs foam in the en- It is argued that the apparent viscosity of the foam is

hanced recovery of oil, and gas from naturally fractured reserth€ sum of the liquid contributions between the bubbles and
voirs (NFR) [1, 2]. the resistance to deformation of the bubble interfaces pass-

The behavior and physical features of foams havdnd through the fracture [7-9]. The increase of the apparent
attracted attention of the research community for longViscosity with the fractional flow of gas is larger in thicker
Plateau [3] since 1873 gave a first scientific description ofractures (to certain bubble sizes). Due to this, the foam can
foams. Foam is a bubble agglomeration: these bubbles afteflect the flow from the thicker fracture to the thinner frac-

separated by thin liquid layers which commonly are callegture [8-10]. Commonly, works regarding foam flow in frac-
“lamellag. The mean features of a foam are: its relatively tures are focused on the study of the fracture size effect on

low density and high viscosity [4]. Another important pa- the apparent viscosity of the foam [10-12]. To our knowl-
rameter is the foam structure, which is determined by the us8d9€, studies about foam flow behavior when it is simultane-
of the foam generation method, and mainly by the shape an@usly dlver_ted into several transversal channels with different
size of bubbles and its liquid retention capability. A foam has2Perture sizes have not been reported yet.

two phases, gas and liquid, the gas is compressible, thus, the Such a flow obeys the conditions postulated in the
foam is compressible too [1-4]. Poiseuille’s law, these are: an incompressible newtonian flow,

Because of the foam flow has a preference for paths witleccurring at a low Reynolds number, through a distance that
high permeability, in heterogeneous media, such as porou§ substantially longer than its diameter. Typically, in the
media or fractured media, in a first instance the foam is conPoiseuille flow, and consequently in the description of the
ducted to those zones in order to fill the available spaces ar@ppillary penetration, when the cross-section of the tube is
to avoid the pass of other injected fluids, deflecting them td1ot circular, the inner radius is substituted with ah hoc
zones with lower permeability, where the scanning efficiencyhydraulic radius that takes into account the geometry of the
increases [5, 6]. channel [13, 14].

There are some studies which give an explanation of Actually, the penetration in transversal channels takes
the foam flow behavior through homogeneous single fracplace, for instance, in fractured systems where it is possible
tures [7-9]. Foam could be taken as an homogeneous mediuthat a big fracture intersects other smaller ones. Or in foam
and it is believed that it behaves as a no-Newtonian fluidextrusion to manufacture physically foamed plastic sheets,
There are some complications in the foam rheology becausemong others. Other examples of this phenomenon appear
when the pressure changes, its quality (volumetric fractionyvhen the supply of water is limited or when drilling through
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FIGURE 1. Scheme of the cell with transverse channels: (a) top view of an acrylic cell having five channels with different apertures, (b)
lateral view of the cell showing the holes for foam injection and air relief.

cavernous formations, as in oil reservoir perforation, wheras enhanced [15,16,19]. Finally, this foam is injected into the
the drilling mud flow is lost. It is encouraged to drill and to cell.

simultaneously inject an aqueous foam in those areas [15-17]. The main channel has a 5 cm height, and a 27.9 cm
Compared to other drilling fluids, foam muds have many adyengih It connects with five channel separated 5 cm each
vantages. This technique has been successfully applied ing, nrevent the interaction between foam flowing to the aper-
the drilling of depleted reservoirs around worldwide [18]. In tures). Channel dimensions are 20 cm long and 5 cm hight.

many cases, drilling assisted with foam has shown to provid@ p4s five channels of 1,2, 4, 6 and 10 mm apertures, respec-
significant benefits, including an increase in productivity, avely.

increase in drilling rate, reduction in operational difficulties ) ) )
associated with drilling at low pressure reservoirs, and im- 1 he aqueous foam was prepared with a mixture of bi-
proved formation evaluation while drilling. distilled water and surfactant (commercial liquid soap) with

To understand how a foam flow is diverted this work is  Proportion of 30% weight of the latter, per each litter of

organized as follows: in the next section a series of exper?i-distilled water. The mixture was made and contained in a
iments will be described. Then. in Sec. 3. we formulatePressurized tank, 49 liters in volume. The agueous foam was

the Poiseuille flow for straight channels rectangular crosstMade by using a compressor that injected air at 689.47 kPa

sections in a dimensionless form, which allowed us to defind® the tank. The aqueous foam tank had a valve at the top
the friction factor,a, to compute the linear relation between through which the preformed foam was conducted to the ex-

« and the compactness and the dependence bbn a(C). perimental cell. The injection pressure of the foam in the cell
In Sec. 4, we show the plots with the most important resultdV@s controlled and measured by a pressure transducer just be-
of our analysis, and finally in Sec. 5 we give some conclufore the cellinlet. The entry of aqueous foam into the cell was

sions of the results and the comparison with our analyzes. Video recorded at a 30 fps rate. With the sequence of digital
images from the video, the respective bubble size and mo-

) tion of the front of foam, in each channel, were obtained (see

2. Experiments Fig. 2). A more detailed visualization of the aqueous foam

. - sizes was also performed by using a digital microscope with
In order to perform the foam flow experiments in dlfferenta 16X zoom for the determination of bubble sizes in each

transverse channels, an acrylic horizontal cell with five chan- h |
nels was built; each channel has a different aperture (see e annet.

scheme in Fig. 1). The transparent cell is hermetic and the There are two scenarios during the foam injection. In
unique apertures to the atmosphere are the indicated drill§e first one, the injected foam interacts immediately with
This array of channels mimics a set of horizontal and parallethe channels of narrow opening. In the second scenario, the
fractures transversal to a larger main fracture. Each fracturtoam interacts first with those presenting a wide opening. As
or channel has a given size to investigate how the diversion o result of this difference, the speed of the foam front obeys
the foam flow and the pressure gradients affect each channé@n interesting dynamics for different values of the pressure
The foam injection method consists in producing foam undeinjection. It is important to note that a relief hole was kept
controlled conditions in a foam tank to maintain control onopen during the foam injection to avoid compression of air in
the formation pressure. Also, the control of the bubble sizéhe cell and to maintain the pressure at its opposite side at the
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FIGURE 2. Bubbles in each channel. The bubble population had a mean size which yields that in the channel size. The channel size is shown
in the lower part as well. This scale serves to identify the size of the bubbles.

atmospheric pressure valye = pamos The properties € is the inner contour of the channel. Using (2) and (3) in
of the working fluids were measured and calculated acEq. (1) we found that
cording to literature [7,15]; obtaining a surface tension of,

~v = 29.4 mN/m, and density values of the fluid mixture oo A? 5)
of, p = 940 g/cm?. The values obtained are consistent with a ( &) 0
Ap

those reported by other authors [4,20].

Pictures in Fig. 3 show that the aqueous foam advances at
different velocities, depending on the channel aperture. The =l
time of arrival of the foam to a given channel is different due Whose velocity is
to its separation to the injection orifice. v =u(z,y)é; (6)

Due to the flow in the channel obeys a Poiseuille flow

whereé, is the unit vector along the flow directiofayis).
We have that the motion equation is

The objective of this work is to present an argument to model ) )

the foam penetration into simple channels of different open- (3_ + 8_) u(z,y) = _% @)
ings. The main hypothesis in our treatment is that a Poiseuille ox* ~ 0y? ' pL

flow occurs in horizontal channels in which the Reynolds ) ) )
number is low. Under these circumstances it is possible t§0: the solution of Eq. (7) allows us to give the hydraulic

introduce the dimensionless hydraulic resistance as [13,14]/esistance in the form

= @ N ®

o= —
R;id L

L~ dzd
By definition, the hydraulic resistancés,;; (related to (AP) S{u(x’y) Ty

the flow) andR;,, (related to the physical parameters) are

3. Friction in channels

given by Using the non dimensional variablés= /D, n = y/D
Rhig = Ap (2) andv = u/u., whereD is a characteristic size of the cross-
% section, yields
. _ B
Brig = 3 Q) u, = D? Ap 9)

where Ap is the pressure drop of the foam flow along the
channel is the volume flow rate of foam in the channgl, 34 the Poiseuille Eq. (7) is transformed in
is the distance penetrated by the aqueous foamArwdthe

cross-sectional area of the channel 92y 92w

- + —
A= / dzdy (4) S
Q
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FIGURE 3. Snapshots of foam diversion into channels of different apertures and three different injection pré&sseresi269 N/m?,

P; = 82200 N/m? and P; = 80821 N/m?. The foam (white or gray soft zones) advances at different speeds, depending on the channel
aperture. The time of arrival of foam to a given channel is different due to its separation to the orifice injection. The injection starts close to
the channel of smaller opening as shown in pictures a), c) and e). In other cases, the injection starts close to the channel of bigger opening &
shown in pictures b), d) and f).

whence, the friction factor is

2 Vp = Din — Patm (14)
(ﬂf dfdn) _ L |
N/ (11) where! is the channel length. With experimental data and
J vdgdn

previous equations we can find out other important param-
Q* eters for understanding the behavior of foams channels. In
If the channel has a rectangular cross-section of height  this way, the apparent viscosity value can be obtained from
and width2h with w # h, the aspect ratio is = w/h > 1, the experiments, which are shown in the next section.
thenD = h, £ = x/h, n = y/h and the friction factorv is

o =

22 65 i ' )
a(C)~ =C - = +0(]C - 18%) (12) ~emzeadl — g
7 3 _ i =it ;%%’—
Macroscopically, the Poiseuille law can describe the flow = s | % N 4
in a channel at low Reynolds numbers and when the medium & S Tm ¥ A AN
is filled by a Newtonian fluid. In this law, the speed of the £ e} * \ \\ -
flow is directly proportional to the pressure gradi®ht, gen- 2 Yo BEBe w
erated in such a medium, and it is inversely proportional to = | ——Channelimm | '\ M
. . .. . . . £ ——— Channel 2 mm \ N
the viscosityu as it is shown in the following equation, 3 —— Channel 4 mm S
=< 2 L ——— Channel 6 mm \\ .
b2 Ap —— Channel 10 mm| \
u = T (13) [ 1 1 : 1 : I} 'l 1
12/”’ l 0,10 0,15 0,20 0,25 0,30 0,35 0,40
whereb, is the channel aperture, where the information is eI
already included in the channel aperture, thus the pressumcuRre 4. Plot of the mean cumulative frequency, as a function of
gradient has the form, the bubble size.
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FIGURE 5. Plots showing the position of advance fronts of the fogrm the channels of different apertures as a function of timé,(ots
on the left side correspond to cases where foam first interacts with the smaller aperture channels and plots on the right side show cases where
foam first interacts with the wider channels. In the experiments, three different injection pressures were used.

4. Results the mean bubble size changes slightly as shown in Fig. 4,
where the mean size is a function of the channel witlth,

The effect caused by the channel aperture on the bubble size The foam fronts as a function of time, in all channels,
induces important phenomena which were observed in all thevere obtained and plotted in Fig. 5. It is observed that in
experiments performed. For instance, the pre generated foathe channels with a narrow aperture the foam speed is low,
has a uniform mean size@g = 0.42 mm. As it was shownin and the opposite is observed for the wide channels. Three

Fig. 2, when the foam interacts with the different channelsdifferent injection pressures were used in the experiments. In

Rev. Mex. Fis64(2018) 530-538



FOAM INJECTION INTO HORIZONTAL CELLS WITH CHANNELS OF DIFFERENT OPENINGS

535

B e e e B e e e 0,18 S S ——
0,09 - T
g W s sl s s o F = 1
e T ) eml ®  b)P, = 84260 Njm?2 | "% " Channel Tmm | |
0,08 |- A - L N, --® - channel 2mm | |
Rl % 1 014 | ‘.\ --A:~ channel 4mm |_|
0,07 |- CRRAA . S “ -y~ channel 6mm | |
K A,\ F--‘__'_ _ 1 012 b ‘-\ S - - channel 10mm| _|
0,06 |- e oy ¥y ] Lo A - ]
_— N . ~ 4 - N ~ ~
w = T - 4 n -
E 005 . M JE W & N % Uiy
N e R Y W 1 r 5 . & 1
S e Ay 12 o8| Ry G 4
> 7 L a)P;=84269 me‘\“ . ey = oo L ‘o “'1\_‘ "“**M,%q_ 1
0,03 |-[-.m-~ channel 1mm | "m.. ~8 g N B . L3S TS ~3 ]
0,02 [ |--®:- channel Zmm "A-.....v_ ] 0,04 |- «._.H‘_.__‘-,.:.% . ..L.-g.‘-.‘*_‘ -
--A-- channel 4mm ] L hv:--q-_. ]
0,01 |-|~"¥ - channel 6mm . 0,02 - -
+ |- - channel 10mm 4 r 1
oo LT T T ) | 0,00 1 L 1 ! 1 I TR L.
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
I{cm) I (cm)
010 —F T T T T T T T T TRT] ML T B B LR B L L B
L e Li = 27]
009 [ ®  op;=s2200Nm? 'y TChannelimm 13 d) P; = 82200 Nim
L m A --® - channel 2mm 10 - - §
L N % s | r o 1
0,08 \\ ] channel 4mm 0,00 Ay L N <
L \ S =¥ - channel 6mm T e e vz > 9
007 - &’ "‘n“,x ~-# - channel 10mm | 0,08 - Nl FF
- N W ~. r i 4
— 006 N YV Nty = 0T h N 5
() AR - *_ B ® b e R
£ i P .- -! 006 e ]
E 005} ™ 1&g MEF s i
() - ~. ) . ~-A
- - \ ® e o : 0,05 - ™o \""15“':--.‘_“ il
> 004 \ ~Sgia 2 L 'x R~y 1
L Y *-se 0,04 [ u e .
0,03 LN ] 003 [ - --m--channel Tmm |
+ f = lH- --9--channel 2mm
il TRy 1 02| g ~-A-channel 4mm
0,01 - =) 0.01 I % na |-y - channel 6mm
L L -4 - channel
0,00 PN [T T NP T | | —— Lo 1 0,00 I | I (U (T ST f L L
0 2 4 6 8 0 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
I (cm) I(cm)
N T DR RN PEEECED BT SEELENE SR NN T I o | PR Fan S R PEEL A TS [ L ) (N PR
014 |- * - 2 |--m-- channel 1mm |- * 1P =80821 N/m2 | ™~ channel 1mm
L N SHE a1 s --@-- channel 2mm i A \.\} ! -~ channel 2mm ]
012 |- A --A-~ channel 4mm |- I \ g —A--channel 4mm |1
RN --y-- channel 6mm | | 0,10 |- L s T --y--channel 6mm -
0,10 “-\;\ *». -4 - channel 10mm| _ L L v . -4 - channel 10mm| |
| W . ot s - A e S e =
= ik x e T 3 0,08 R, Wy . ™
= 008 S O g hiEn SR g L & \ SR R
£ =~ < Ve I E . ~. v --ﬁ--,..ﬁt
e i R : R % g 0086 - i
= l.‘ ‘\ =W ‘; U0 — N *} o
> 006 2 o > S L 'l_\ > i ey
i ;i!r.'p s 0041 Ty R e
0,04 [ il . N
e 5 ) - \I\ *._
- Rt ae el = it il S
5 i 0,02 |- e e o
0,02 I e, ™
0'00 PR [N TN (Y W AT VN NS SHNN NN NN N TN NS SN W S S N 0,00 | 1 | | IEE T NI T i -
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
I(cm) I(cm)

FIGURE 6. Plots showing the foam speed in the channels of different aperturas, a function of advance fronts of the foamOn the
left side, foam first interacts with the thinnest channels and plots on the right side correspond to cases where foam first interacts with bigger
channels.

Fig. 6 the speed of such fronts is plotted. This behavior othe right side show cases where foam first interacts with the
the foam is important because it allows us to corroborate thawide channels.

there is a high resistance to the foam flow in channels with  Analyzing the plots of Fig. 5, it is clearly observed that
narrower apertures, implying that there is a stronger sheahe foam advance is slower if the channels are narrower.
stress, a very high effective viscosity and a coefficient of fric-However, as an aperture channel overcomes the capillarity
tion. Plots on the left side correspond to cases where foarkength, (¢ = /~/pg, wherey is the gravitational acceler-
first interacts with the narrow aperture channels and plots oation, p is the density of the foamp = 940 g/cn?®, and~y
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FIGURE 7. Plots of the apparent viscosity (NSrf) as a function of the speed of the foam (cm/s).

is its surface tension = 29.40 mN/m) the foam will main-

(1, 2 and 4 mm) the flow is dominated by capillary forces,
tain a steady progress. In channels with large aperture sd®cause the way the foam flows through these channels is rel-
Fig. 5, initially, the speed of the foam front increases reachatively slow compared to other channels. But after this point,
ing a maximum at approximately the same time period (neathe front progress is affected by gravitational effects, whereas
t = 150 s). From that moment, the speed decays with then the wider channels it is observed that the flow is dominated
same intensity that it is reached at the start, see Fig. 5. Iby the pressure gradient and the gravitationally effects.

plots of Fig. 5 two characteristic flow behaviors are observed,
which arise due to channel aperture. In the narrow channelsg the foam viscosity is the foam texture. Fine-textured
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BT T T T T T The same was done for two more cases where only the in-
600 | |--m--Channel 1 mm "] jection pressure Was_changed_. In the_ plots shown above, three
-:-gi:::::: i mm ] characteristic behaviors of fluid flow in open channels can be
H0| |w-<channel 51mm | observed. In the channel of lower aperture (1 mm) it is ob-
L |-« Channel 10 mm ] served that in some cases, the capillary forces dominate the
400 - g foam behavior. The capillary pressure existing in this case
o is large enough to be dominant, the apparent viscosity also
T 300 ¢ 1 plays a role in the flow behavior and gravitational forces as
] well. In intermediate aperture channels (2, 4, and 6 mm) a
207 & | different behavior is observed, in which viscous forces are
100 L v | dominant in the foam performance when interacting with the
L < ] channels. Mainly in the channel 2 mm, an oscillation be-
0 Y S TR ' tween the viscous and capillary forces is observed. In 4 and 6
0 20 40 00 80 100 120 140 160 180 200 220 mm width channels, oscillations are observed in the behavior
(© of the foam, due to the effects of the viscous and gravita-
FIGURE 8. Plots of the friction factor as a function of the compact- tional forces. In the 10 mm channel there is a greater volume
ness of the foam. of foam causing the body effects to be greater, since the ef-

i fects of gravity are greater due to the volume of foam in the
foams have more lamellae per unit length and as a result, g ,annel.

greater resistance to flow is obtained [2,4,5]. No bubbles ag-
gregation or coalescence were observed in the studied region.

Another important point is that the number of lamellas5. Conclusions
per unit length or per unit area increases by decreasing the
bubble size and increasing in the flow. As a result, the apSimultaneously injecting foam into channels of different
parent viscosity and friction factor would be significantly Openings is a way to understand the interaction of foam with
higher either for narrow and wide channels than the openingifferent geometries. Channel openings (fractures) have an
of thicker bubbles, particularly in the relatibpD 5. Because —important effect on foam flows, ensuring a barrier on narrow
in the wide opening channels there are more bubbles per unPening fractures. However, the flow is also affected by the
area, this phenomenon significantiy affects the apparent Vi§ize of the foam bubbles which in turn is affected by the chan-
cosity and friction factor and consequently the speed of thé€l openings as a strong co-dependence between the channel
flow of the foam. This latest can be observed in Fig. 7 andperture and the bubble size, which is quantified in the appar-
Fig. 8 where the channels have a larger opening and greatépt viscosity. Open channels have a significant effect due to
apparent viscosity due to the foam texture. Moreover, the apgravity (F'r = (v/v/pDy) < 1). In the same way, we can
parent Viscosity is greater for wide openings’ causing that th@bserve in the experiments how the coefficient of friction is
flow in these channels is slow, although the foam advance igffected by the dimensions (width) of the channel. The ex-
maintained. This feature is important in foam applications plicit and simple link betwee;,, andC' is important since
since it implies that the foam flow in regions with narrow at the same timé’ is also central to the strength and effec-
openings is reduced and the flow to regions of wide openindiveness of various surface-related phenomena. This model
is diverted. In Fig. 7 it can be seen how channels with largetvas used to describe aqueous foam penetration in channels
opening act as detracting zones of foam flow, decreasing th@f optimal apertures. Our calculations in the channels show
flow channel thinnest opening, the thicker opening increasethat penetration is actually modulated by the competition be-
its flow, but not in the same proportion because in these, ther@veen friction and force driven by the and both are critically
is a higher apparent viscosity, due to the foam texture. dependent on cross-section or compactness.
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