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ABSTRACT:Foams are involved in many industrial processes, including foods and beverages, firefighting, subsoil
environmental remediation and enhanced oil recovery. In these applications, foam stability and dynamics depend on the
permeability of the thin liquid films to gases. An important parameter in the description of the foam permeability is the
thickness of the thin liquid films. The foam film permeability is can be measured using (laser) light interferometry. In this
paper, we survey the principles of this technique and compute the expressions for the thickness for a free standing foam film.
The foam film is consists of five layers: a core aqueous layer with two surfactant monolayers, each consisting of consisting
of hydrocarbon tails and polar head-groups sub-layers. From its reflection intensity coefficient for perpendicularly incident
light.
Keywords:foam film, thickness, interferometry, intensity

I. INTRODUCTION
Foam is a dispersion of a gas phase in a continuous liquid phase, stabilized by a surfactant. Applications involving
foams in modern industrial processes have grown considerably in the last few decades. Hence, foam is matter of interest in
many physical, biological and technological researches, including food and beverage technology, medical research
(breathing), environmental remediation and petroleum engineering and research [1-3]. Use of foams in petroleum
engineering includes enhanced oil recovery, well treatments and drilling operations [4]. The efficiency of the foam depends
strongly on the stability and dynamics of foam films. As depicted in fig. 1, we can represent a foam film by a thin aqueous
layer bound by monolayers of adsorbed surfactant molecules; the main function of the surfactant molecules is to stabilize the
foam film [5]. The adsorption of surfactants onto the gas liquid interfaces can inhibit the flux of gas through the foam film
[6-9]. The permeability of the foam films to gases limits the stability of the foam [10,11]. One of the key parameters in
determining the film permeability to gases is the thickness of the foam film which results from the equilibrium between the
film surfaces. Therefore, knowing the thickness of the foam films helps the better understanding of the physical properties of
the foam. In this paper, first the formulas to calculate the thickness of a uniform homogenous liquid film by interferometry
will be presented in details. Next, considering the structure of the foam films, these formulas will simplified. These formulas
can be used both for horizontal and vertical (free standing) films.

II. MODEL DESCRIPTION
Below we present the equations for computing the fraction of a light wave reflected by a flat interface between two
dielectric media, with different refractive indices; these are the Fresnel equations. It proceeds by considering the boundary
conditions at the interface for the electric and magnetic fields of the light waves. In fig 2, the xy plane in the interface plane.
The x axis is the projection of the rays on the plane boundary and the y axis is perpendicular to the plane of drawing.
According to the electromagnetic theory of the light the incident, reflected and transmitted waves of light can be written as
[12,13]:
𝐸0𝑑 =𝐴0 𝑒𝑥𝑝 𝑖𝜏0𝑑 , 𝐸0𝑟 = 𝑅0 𝑒𝑥𝑝 𝑖𝜏0𝑟 , 𝐸1𝑑 = 𝐴1 exp
(𝑖𝜏1𝑑 )………………………….………… (1)

Where,
𝜏0𝑑 = 𝜔 𝑡 −

𝑥 sin 𝜃0 +𝑧 cos 𝜃0
𝑣0

𝜏1𝑑 = 𝜔 𝑡 −

𝑥 sin 𝜃0 +𝑧 cos 𝜃0
𝑣1

, 𝜏0𝑟 = 𝜔 𝑡 −

𝑥 sin 𝜃0 −𝑧 cos 𝜃0
𝑣0

,

…………………………………………….…………………….. (2)

In these equations t is the time, 𝜔 is the circular frequency of the light wave, θ0 is the angle of incident light
and v0 and v1 are the velocity of the ray in the first and second media respectively. The vector of the amplitude of the
incident, reflected and transmitted light waves (electric field strength), A0 ,R 0 and A1 , have two components: (a) a
component lying in the plane of reflection (or incident, i.e., plane xz) and (b) a component perpendicular to the plane of
reflection i.e., plane xy. For the reflected wave these two components are given by [12,13]:
𝑛 cos 𝜃 −𝑛 cos 𝜃

tan 𝜃0 −𝜃1

𝑅0,𝑃 = 𝑛 1 cos 𝜃0 +𝑛 0 cos 𝜃1 𝐴0,𝑃 = tan
1

0

0

1

𝜃0 +𝜃1

𝐴0,𝑃 ………………………………….………….….. (3)
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𝑛 0 cos 𝜃0 −𝑛 1 cos 𝜃1
𝑛 0 cos 𝜃0 +𝑛 1 cos 𝜃1

𝑅0,𝑃 =

sin 𝜃0 −𝜃1
sin 𝜃0 +𝜃1

𝐴0,𝑠 = −

𝐴0,𝑠 ………………………………………………. (4)

𝑛0 and𝑛1 are the refractive indices of two media. For the ratio of reflected and incident amplitudes:
𝑅

𝑛 cos 𝜃 −𝑛 cos 𝜃

tan 𝜃0 −𝜃1
𝜃0 +𝜃1

𝑟𝑃 = 𝐴 0,𝑃 =𝑛 1 cos 𝜃0 +𝑛 0 cos 𝜃1 = tan
0,𝑃

1

𝑅

0

0

1

𝑛 0 cos 𝜃0 −𝑛 1 cos 𝜃1

𝑟𝑠 = 𝐴0,𝑠 =

sin 𝜃0 −𝜃1

= − sin

𝑛 0 cos 𝜃0 +𝑛 1 cos 𝜃1

0,𝑠

…………………………………………………..……. (5)

𝜃0 +𝜃1

…………………………………………………... (6)

The intensity of reflected light is given for both components by:

𝐼𝑃𝑟 = 𝑟𝑃2 ………………………………………………………………………………………… (7)
𝐼𝑠𝑟 = 𝑟𝑠2 …………………………………………………………….…………………….…… . (8)
III. RESULTS AND DISCUSSION
We assume a homogenous film in which the refractive index 𝑛𝑓 is constant in the whole thickness𝜀𝑒𝑞 (Fig. 3). For a
thin film for two components of the reflected light we obtain the following equations [12]:

𝑟𝑃 𝑒𝑥𝑝 𝑖𝛿𝑃 =

Δ𝜑 =

2𝜋𝜀 𝑒𝑞

2

𝑒𝑥𝑝 −𝑖∆𝜑

1+𝑟𝑠′ 𝑟𝑠′′

𝑒𝑥𝑝 −𝑖∆𝜑

𝑟𝑃′ 𝑒𝑥𝑝 𝑖∆𝜑 +𝑟𝑃′′ 𝑒𝑥𝑝 −𝑖∆𝜑

=

𝑒𝑥𝑝 𝑖∆𝜑 +𝑟𝑃′ 𝑟𝑃′′ 𝑒𝑥𝑝 −𝑖∆𝜑
𝑟𝑠′ 𝑒𝑥𝑝 𝑖∆𝜑 +𝑟𝑠′′ 𝑒𝑥𝑝 −𝑖∆𝜑

=

𝑒𝑥𝑝 𝑖∆𝜑 +𝑟𝑠′ 𝑟𝑠′′ 𝑒𝑥𝑝 −𝑖∆𝜑

……………………………….…… (9)
…………………………...……….. (10)

2𝑛𝑓 cos 𝜃 ………………………………………………………….…………….. (11)

𝜆0

Δ𝜑 ′

1+𝑟𝑃′ 𝑟𝑃′′

𝑟𝑠′ +𝑟𝑠′′ 𝑒𝑥𝑝 −𝑖∆𝜑

𝑟𝑠 𝑒𝑥𝑝 𝑖𝛿𝑠 =
∆𝜑 ′ =

𝑟𝑃′ +𝑟𝑃′′ 𝑒𝑥𝑝 −𝑖∆𝜑

=

2𝜋𝑛 𝑓 𝜀 𝑒𝑞
𝜆0

cos 𝜃 ………………………………………………………….………… (12)

Multiplication of equations (9) and (10) by the complex conjugate expression

𝑟𝑃 𝑒𝑥𝑝 −𝑖𝛿𝑃 and𝑟𝑠 𝑒𝑥𝑝 −𝑖𝛿𝑠 respectively gives:
2

𝐼𝑃𝑟 = 𝑟𝑃2 =
𝐼𝑠𝑟 = 𝑟𝑠2 =

2

𝑟𝑃′ +𝑟𝑃′′ +2𝑟𝑃′ 𝑟𝑃′′ cos Δ𝜑 ′

2
2
1+𝑟𝑃′ 𝑟𝑃′′ +2𝑟𝑃′ 𝑟𝑃′′ cos Δ𝜑 ′
2
2
𝑟𝑠′ +𝑟𝑠′′ +2𝑟𝑠′ 𝑟𝑠′′ cos Δ𝜑 ′
2
2
1+𝑟𝑠′ 𝑟𝑠′′ +2𝑟𝑠′ 𝑟𝑠′′ cos Δ𝜑 ′

…………………………………………………………….. (13)
…………………………………………………………….. (14)

Where 𝑟𝑃′ is calculated from equation (9) and,

𝑟𝑃′′ =

𝑛 2 cos 𝜃1 −𝑛 1 cos 𝜃2
𝑛 2 cos 𝜃1 +𝑛 1 cos 𝜃2

tan 𝜃1 −𝜃2

= tan

𝜃1 +𝜃2

𝑟𝑠′′ =

𝑛1 cos 𝜃1 − 𝑛2 cos 𝜃2
sin 𝜃1 − 𝜃2
= −
𝑛1 cos 𝜃1 + 𝑛2 cos 𝜃2
sin 𝜃1 + 𝜃2

The intensity of the incident light is assumed to be one and the amplitudes 𝑟𝑃 and 𝑟𝑠 are taken with positive signs.
2

𝐼𝑃𝑟 𝑚𝑎𝑥

=

2

𝑟𝑃′ +𝑟𝑃′′ +2𝑟𝑃′ 𝑟𝑃′′

2
2
1+𝑟𝑃′ 𝑟𝑃′′ +2𝑟𝑃′ 𝑟𝑃′′
2

𝐼𝑃𝑟 𝑚𝑖𝑛

=

=

2

𝑟𝑃′ +𝑟𝑃′′ −2𝑟𝑃′ 𝑟𝑃′′
2

2

1+𝑟𝑃′ 𝑟𝑃′′ −2𝑟𝑃′ 𝑟𝑃′′

=

𝑟𝑃′ +𝑟𝑃′′

2

1+ 𝑟𝑃′ 𝑟𝑃′′
𝑟𝑃′ −𝑟𝑃′′
1− 𝑟𝑃′ 𝑟𝑃′′

2

……………………………………..……………… (15)

……………………………………..………………. (16)
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2

𝐼𝑠𝑟 𝑚𝑎𝑥

=

𝐼𝑠𝑟

=

2

𝑟𝑠′ +𝑟𝑠′′ +2𝑟𝑠′ 𝑟𝑠′′
2
2
1+𝑟𝑠′ 𝑟𝑠′′ +2𝑟𝑠′ 𝑟𝑠′′
2

𝑚𝑖𝑛
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=

2

𝑟𝑠′ +𝑟𝑠′′ −2𝑟𝑠′ 𝑟𝑠′′
2
2
1+𝑟𝑠′ 𝑟𝑠′′ −2𝑟𝑠′ 𝑟𝑠′′

=

𝑟𝑠′ +𝑟𝑠′′

2

1+ 𝑟𝑠′ 𝑟𝑠′′
𝑟𝑠′ −𝑟𝑠′′

2

1− 𝑟𝑠′ 𝑟𝑠′′

……………………………………….…………… (17)
…………………………………………………….. (18)

Since cos 2𝑥 = 1- 2𝑠𝑖𝑛2 𝑥 then equation (13) and (14) can be rearranged to:

𝐼𝑃𝑟 = 𝑟𝑃2 =
𝐼𝑠𝑟 = 𝑟𝑠2 =

2

𝑟𝑃′ +𝑟𝑃′′

−4𝑟𝑃′ 𝑟𝑃′′ 𝑠𝑖𝑛 2 Δ𝜑

2

1+𝑟𝑃′ 𝑟𝑃′′

−4𝑟𝑃′ 𝑟𝑃′′ 𝑠𝑖𝑛 2 Δ𝜑

……………………………………………………..……. (19)

2

𝑟𝑠′ +𝑟𝑠′′

−4𝑟𝑠′ 𝑟𝑠′′ 𝑠𝑖𝑛 2 Δ𝜑
2
1+𝑟𝑠′ 𝑟𝑠′′ −4𝑟𝑠′ 𝑟𝑠′′ 𝑠𝑖𝑛 2 Δ𝜑

……………………………………………………….….. (20)

When light is normally incident on the film 𝜃0

𝑟𝑃′

𝑛 1 −𝑛 0

=𝑛

1 +𝑛 0

=

= 0as in Fig. 4), Fresnel’s formula can be rewritten in a simplified form:
……………………………………………..…………………………….. (22)

−𝑟𝑃′′

𝑛 −𝑛

𝑟𝑠′ = 𝑛 1 +𝑛 0 = −𝑟𝑠′′ ……………………………………………….…………………………. . (23)
1

0

Both components of the amplitude of the reflected light have the same magnitude but different signs; this means
that one component is shifted by with respect to the other.
Therefore in this section we confine ourselves to one component and drop the subscripts, s and p.
2

𝐼𝑟 = 𝑟 =

𝑟 ′ +𝑟 ′′

2

−4𝑟 ′ 𝑟 ′′ 𝑠𝑖𝑛 2 ∆𝜑

…………..…………………….……………………………
1+𝑟 ′ 𝑟 ′′ 2 −4𝑟 ′ 𝑟 ′′ 𝑠𝑖𝑛 2 ∆𝜑

(24)

Now if we put 𝑟 ′ = 𝑟 ′′ = 𝑟𝑓 which means that the film is placed between two optical media having a high
reflectivity at the boundaries of the optical medium and film (Figure4). Thus, considering film as a homogenous layer with
the refractive index of 𝑛𝑓 and assuming no light absorption into the film, the following formula will be obtained:
𝐼𝑟
𝐼0

4𝑟𝑓2 𝑠𝑖𝑛 2 ∆𝜑

= 1−2𝑟 2 𝑐𝑜𝑠2∆𝜑+𝑟 4 …………………………………………………………..…………..…… (25)
𝑓

𝑓

Where,
𝐼𝑟 : Intensity of light reflected by the film
𝐼0 :Intensity of the incident light (which is normally is assumed to be one)
r : Reflection coefficient for the amplitude for a single interface between the film with refractive index 𝑛𝑓 and the
surrounding medium with refractive index 𝑛0 .
For perpendicularly incident light:
𝑛 −𝑛 0

𝑟𝑓 = 𝑛 𝑓 +𝑛 ………………………………………………………………..…………………… (26)
𝑓

𝑜

𝜑 is the phase difference between light at the front face and back face of the film which in the case of normal beam is
equal to:

∆𝜑 =

2𝜋𝑛 𝑓 𝜀 𝑒𝑞
𝜆0

…………………………………………………….…………………………… (27)

Where 𝜆0 is the wavelength in vacuum.
Replacing cos2Δ𝜑 = 1-2𝑠𝑖𝑛2 Δ𝜑 and R= 𝑟𝑓2 in equation (25) we lead to:

𝐼𝑟 = 𝐼0

4𝑅 𝑠𝑖𝑛 2 Δ𝜑
1−𝑅 2 + 4𝑅𝑠𝑖𝑛 2 Δ𝜑

……………………………………………………………….……… (28)

𝐼𝑟 Has the minimum value when sin 0 . Therefore,𝐼𝑚𝑖𝑛 0 when:
∆𝜑 =

2𝜋𝑛 𝑓 𝜀 𝑒𝑞
𝜆0

= p𝜋, where p∈

𝑍. Then in this case the thickness of the film is equal to:
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𝜀𝑒𝑞 = 2𝑛 𝜆0 …………………………………………………………………………….…….. (29)
𝑓

𝐼𝑟 has the maximum value when sin 1 . Therefore,𝐼𝑚𝑎𝑥 =
∆𝜑 =
𝜀𝑒𝑞 =

2𝜋𝑛 𝑓 𝜀 𝑒𝑞
𝜆0
4𝑝+1
2𝑛 𝑓

I we define

= 4𝑝 + 1

𝜋
2

Where p∈

4𝑅
when:
1+𝑅 2

𝑍.Then in this case the thickness of the film is equal to:

𝜆0 ………………………………………………………………...…………….. (30)

Δ=𝐼

𝐼𝑟 −𝐼𝑚𝑖𝑛

𝑚𝑎𝑥

−𝐼𝑚𝑖𝑛

and substitute the parameters in this formula we will get:
4𝑅𝑠𝑖𝑛 2 Δ𝜑

Δ=
1+
Δ=

1+𝑅 2 𝑠𝑖𝑛 2 Δ𝜑
1−𝑅 2 +4𝑅𝑠𝑖𝑛 2 Δ𝜑

2

4𝑅
1+𝑅 2

+ 4𝑅Δ𝑠𝑖𝑛2 Δ𝜑 = 1 + 𝑅 2 𝑠𝑖𝑛2 Δ𝜑

𝑠𝑖𝑛2 Δ𝜑
2

𝑠𝑖𝑛 Δ𝜑
𝑠𝑖𝑛2 Δ𝜑 1 + 4𝑅 1 − Δ / 1 − 𝑅

2

𝜆

1+𝑅
1−𝑅
1+𝑅

2
2

−

4𝑅Δ
1−𝑅

2

=Δ

2

+ 4𝑅 1 − Δ
1−𝑅 2

=Δ

=

𝑠𝑖𝑛2 Δφ =

Δ
1 + 4𝑅 1 − Δ / 1 − 𝑅

𝑠𝑖𝑛Δ𝜑 =

Δ
1 + 4𝑅 1 − Δ / 1 − 𝑅

Δ𝜑 = sin−1

𝑓

1−𝑅 2

…………………………………………………………..……………… (31)
Δ 1−𝑅

𝜀𝑒𝑞 = 2𝜋𝑛0 sin−1

1−𝑅 2
4𝑅𝑠𝑖𝑛 2 Δ𝜑

Δ
1+ 4𝑅 1−Δ / 1−𝑅 2

2

2

Δ
1 + 4𝑅 1 − Δ / 1 − 𝑅

2

…………………………………………….………….. (32)

The thickness calculated by equation (32) is the equivalent thickness of the film which is slightly thicker than the
actual film thickness. Moreover, a foam film consists of three homogenous layers, a core aqueous layer with the thickness of
𝜀𝑤 sandwiched by two surfactant monolayers with the thickness of 𝜀𝑤 . We assume a uniform thickness for the foam film
and neglect the curvature in the corners (Figure 5). These three layers have different refractive indices (refractive index of
surfactant monolayer is larger than that of solution). A surfactant monolayer itself consists of a head group with the
refractive index of 𝑛𝑝𝑔 and a hydrocarbon chain with the refractive index of 𝑛𝑐 which in fact indicates that the film can be
considered to have five layers. Therefore, equation (32) should be corrected to calculate the thickness of core aqueous layer.
The following correction derived by Duyvis [14]:

𝜀 = 𝜀𝑒𝑞 − 2𝜀𝑐

2
𝑛 2 𝑐 −𝑛 𝑤
2 −1
𝑛𝑤

− 2𝜀𝑝𝑔

2 −𝑛 2
𝑛 𝑝𝑔
𝑤
2 −1
𝑛𝑤

………………………………………………….. (33)
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𝜀𝑒𝑞 is the equivalent thickness calculated by equation (32), 𝜀𝑐 is the thickness of the hydrocarbon chain of the surfactant
molecule and 𝜀𝑝𝑔 is the thickness of head group of the surfactant molecule. Thus the thickness of the aqueous layer is
calculated by:

𝜀𝑤 = 𝜀 − 2𝜀𝑚 …………………………………………………………………...……………. (34)
Where 𝜀𝑚 = 𝜀𝑔 +𝜀𝑐 is the thickness of a surfactant monolayer.
Equation (33) can be used to measure the thickness of very thin foam films in the range of few nanometers. The accuracy of
these equations is reported to be less than 0.1nm [5,15].

IV. FIGURES

Figure 1 Schematic of a foam film (lamellae), sandwich model, an aqueous layer with adsorbed surfactant monolayers.

Figure 2 Reflection and refractive of light at plane boundary between two media.
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Figure 3 Reflection and refractive of light by one thin film.

Figure 4 Schematic of a uniform liquid film.

Figure 5 Schematic of foam without considering the Plateau border.
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V. CONCLUSION

In this paper a method to measure the thickness of the thin foam films was reviewed and considering the structure
of the film the related formulas were presented in some detail. First a formula was derived for the thin homogenous liquid
film and then the derived equation was corrected for surfactant monolayers. The calculated thickness is very useful in
investigating the stability of foam films and the study of interaction between adsorbed surfactant molecules.

Acknowledgements
I would like to appreciate UniversitiTeknologi Malaysia for their continual support during the course of this paper. Special
thanks go to my supervisor Prof. Dr. Ariffin Bin Samsuri for his support in the publication of this paper.

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]

REFERENCES
Fendler, J. H. J. Mater. 1987, Sci., 30, 323.
Moriizumi, T. Thin Solid Films. 1988, 160, 413.
Tieke, B. Adv. Mater. (Weinheim, Ger.) 1991, 3, 532.
QuocP.Nguyen. Dynamics of foam in porous media, PhD dissertation, Delft University of Technology, The Netherlands. 2004.
A. Sheludko, J. Adv. Coll. Inter.1967, Sci, Vol. 1, issue 4.
Princen, H.M., Overbeek J. Th. G., Mason, S.G., J.Colloid Int. Sci.1967, 24, 125-130.
QuocP.Nguyen, P.L.J. Zitha and P.K. Currie, J.. Colloid Int. Sci.2002, 248, 467-476.
R. Krustev, D. Platikanov and M. Nedyalkov.Colloid Surf.1993, A., 79, 129.
R. Krustev, D. Platikanov and M. Nedyalkov.Colloid Surf.1996, A., 123-124, 383.
R. Prud’homme and S. Kahn.Foams,1996,. New York: Marcel Dekker.
Stanely P. Frankel and Karol J.Mysels, J. Applied Phys.1996, vol 37, 10.
A. Vasicek. Optics of thin films, Amsterdam : NHPC.1960.
Lord Rayleigh. Proc. Roy. Soc. London, 1936, Ser. A, 156, 343.
E.M. Duyvis. The equilibrium thickness of free liquid films, PhD thesis, Utrech University.1962.
D. Exerowa and P.M. Kruglyakov. Foams and Foam Films,1998.Elsevier, New York.

www.ijmer.com

3679 | Page

