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Surface tension gradients along a fluid-fluid interface provoque strong convective activity, such effect is called Marangoni effect. The Marangoni effect is induced by heat transfer when  a temperature inhomogeneity exists in a pure liquid. On the other hand, Marangoni effect induced by mass transfer is produced by concentration gradients of active-surface materials at the interface, due to chemical reaction, evaporation or dilution. In both of cases, instabilities develop at the interface. This effect has been the subject of many experimental studies. The importance of Marangoni effect on heat and mass transfer processes has been recognized and has has led to many authors over several years1,2. The aim of this work is to study experimentally the Marangoni effect induced by mass and heat transfer.

MASS TRANSFER EXPERIMENTS AND RESULTS

The experiments performed to study the Marangoni effect induced by mass transfer were carried out on a liquid pool setup3 using ethyl alcohol, propyl alcohol, 2-propyl alcohol, buthyl alcohol, hepthyl alcohol, nonyl alcohol, pentane, 2,2,4-trimethylpentane, n-hexane, n-heptane, n-octane, n-nonane, n-decane and n-dodecane as liquid phase, and carbon dioxide (CO2) as gas phase. The temperature was 25°C and pressure was from 600 to 2400 kPa. All the experiments were visualized using a camera with a magnifying lens, a fiber optic lamp, a flat monitor, and then were recorded with a video system.

Instabilities at the interfase were observed for ethyl alcohol-CO2 and 2-propyl alcohol-CO2 systems for pressure from 1000 to 2400 kPa, the other alcohol systems did not show instabilities at the interface. In alcane systems, Marangoni effect appeared for pentane, hexane, heptane, octane, nonane and 2,2,4-trimethylpentane while n-decane and n-dodecane did not suffer changes. In those systems where Marangoni effect appeared, the instability increases as pressure increases, these results were related to Marangoni number (Ma), determined as4,5:

Ma = .h / (.DCO2-h)



    
     Eq. [1]

Where  is the surface tension,  is the hydrocarbon viscosity, DCO2-h is diffusivity of CO2 in hydrocarbon, and h is the distance were concentration gradients occur.

When the effect augmented the Marangoni number increases, this is due to the pressure effect is related to the change in molar volume when a molecule goes from the bulk to the surface region6. It has been demonstrated that for hidrocarbon-CO2 systems this changes are positive3 and the effect of pressure is to increase the surface tension. Table 1 shows the results obtained for the systems studied. A maximun instability at the interphase was observed as a function of pressure for most of the systems. On the other hand, some alcohol systems did not present instabilities. 
Instabilities diminish as carbon number increases. This might be related to surface tension wich increases with carbon number. Zeppieri (2002)7 demonstrated that when the carbon number in alcanes increases, the surface tension increases.

Table 1. Experimental results for Marangoni effect induced by mass transfer.

Hydrocarbon
P ± 100 [kPa]
Instability at interphase

Ethyl alcohol
1100 to 1800
Increases with pressure


2000
Diminishes


2200
Disappears

Propyl alcohol
-
Not observed

2-propyl alcohol
1200 to 2000
Increases with pressure


2400
Disappears

Buthyl alcohol
-
Not observed

Hepthyl alcohol
-
Not observed

Nonyl alcohol
-
Not observed

Pentane
600 to 2000
Increases with pressure

Hexane
400 to 2000
Increases with pressure

Nonane
1400 to 1600
Increases with pressure

Decane
1200 to 1600
Increases with pressure


1800
Diminishes

Dodecane
-
Not observed

2,2,4-trimethylpentane
600 to 2000
Increases with pressure

When surface tension is low in gas-liquid systems, the interphase becomes more vulnerable to CO2 mass transfer in some regions, this provokes surface tension gradients due to changes in concentration. 1 and 2-propyl alcohol have the same carbon number (Cn), however 1-propyl alcohol did not present instabilities and 2-propyl alcohol did. It might be explained by surface tension, since they are different for each substance (1-propyl alcohol = 23,32 mN/m y 2-propyl alcohol = 20,93 mN/m), the hydrocarbon with the smallest surface tension presented instabilities. Another important property is the difusión coefficient. Aguilera (1999)3 studied the diffusivity of CO2 in hydrocarbons and found that liquid phase diffusivity decreases as pressure increases, in consequence mass transfer decreases.

HEAT TRANSFER EXPERIMENTS AND RESULTS

Marangoni effect induced by heat transfer was studied using a square cell with two walls of plexiglas and two walls of glass. This cell was designed and built up in laboratory and it is versatil to study temperature gradients in different directions, the base of the cell is submerge in a thermoregulated bath to maintain temperature at 25°C and the top is a thermal resistance that reaches up to 200°C, the fluid used was 2,2,4-trimethylpentane in both phases (gas and liquid). The hydrocarbon was placed in the cell and the two phases were created by a temperature gradient between bottom and top of the cell, then a one dimension temperature gradient was induced by placing a resistance over the top of cell. All the experiments were also visualized using a camera with a magnifying lens, a fiber optic lamp, a flat monitor, and then were recorded with a video system.

The Marangoni effect observed through visualization techniques is related to Marangoni number on a temperature gradient basis8:

Ma = (d/dT).h.T/(.k)



     Eq. [2]

Where d/dT is the surface tension gradient with temperature, h is the distance where the temperature gradient takes place, T is the temperature gradient,  is the liquid viscosity and k is the thermal conductivity of liquid phase. 

Only one system has been studied and it was observed that Marangoni number increased when the temperature gradient was increased and the instabilities at the interphase also increased, turbulence observed is similar to that observed with mass transfer. Marangoni effect was observed. Marangoni number was calculated (Eq. 2) using the surface tension determined with the pendant drop technique. Table 2 shows Marangoni numbers.

Table 2. Marangoni numbers (Ma).

Temperature gradient
Ma x 10-6
Turbulence at  interphase

12,2
7,40
Present

12,4
7,65
Present

14,5
9,95
Present

15,2
10,75
Present

16,5
12,57
Disappear

When temperature reaches 59,2ºC (T = 12,2ºC), turbulence begins at interphase. Instabilities begin near the interphase, showing a sinuous movement. At higher temperatures and temperature gradients, instabilities increase and movements become continuous. 


CONCLUDING REMARKS
Marangoni effect increases as temperature and mass transfer increases for some hydrocarbon-CO2 systems. In mass transfer experiments, Marangoni effect increases with pressure. When hydrocarbons have a high molecular weight, the instability is reduced due to the transport phenomena decreases as a result of molecular size. Turbulence decreases as carbon number (Cn) increases due to augmentation of surface tension. In heat transfer experiments, Marangoni effect was observed in 2,2,4-trimethylpentane and related to Marangoni number.
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