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ABSTRACT  
Gas reservoirs usually produce some associated water during gas production. Within 
the reservoir, mainly near the well bore, water evaporates as the reservoir pressure 
declines, and the partial water pressure increases.  Water evaporation also occurs in 
gas reservoirs when dry gas is injected for pressure maintenance or CO2 sequestration. 
Water vaporization concentrates mineral components in the brine, and in high salinity 
brines can induce mineral precipitation inducing loss of injectivity and productivity. 
Several field cases have been reported where precipitation of halite is believed to be 
the cause of formation damage and it has been usually associated with water 
vaporisation. The aim of this paper is to gain an improved understanding of water 
evaporation and salt precipitation associated with the gas flow within sandstone 
reservoirs. 
 
 Experiments were conducted to evaluate the rate of water vaporization and amount of 
salt precipitation caused by the flow of dry methane through North Sea core plugs 
containing high salinity brine at irreducible water saturation.  The initial brine 
distribution as well as the movement of the evaporation front (gas saturation evolution) 
within the core has been evaluated by using CT scanning. The mass of water produced 
was also verified by monitoring the amount of water adsorbed from the effluent gas.  
 
The measurement of water content of the produced gas shows a constant and a falling 
rate of vaporization. The vaporization process results in halite drop-out which was 
evaluated by total and component material balance. The saturations become difficult to 
evaluate during water vaporization due to the variation of brine salinity, the 
precipitation of salt and reduction of the pore space. In-situ saturation determination 
with CT scanning improves the understanding of the vaporisation process and the 
calculation of saturations.  Experimental results indicate that not all the water in the 
brine can be evaporated, which can be interpreted as an increase in capillary pressure 
and a  reduction of vapour pressure due to increased brine salinity.  
 
INTRODUCTION  

Water vaporization due to gas flow often occurs in gas reservoirs under a wide range of 
conditions such as depletion in high pressure-temperature reservoirs, near wellbore 
during methane storage in depleted reservoirs, and as a mechanism inducing sub-
capillary equilibrium water saturations in tight gas reservoirs [1]. During production, 
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water vaporization occurs due to the increase in water partial pressure, as the reservoir 
gas pressure declines in the vicinity of the well bore. When gas reservoirs are used for 
temporary gas storage dry gas is injected which also vaporises water as it flows through 
the rock, both near the well bore and deeper in the reservoir. The water moisture content 
in the gas is a function of pressure; temperature, gas velocity and brine salinity. 
Vaporisation of the brine reduces water saturation increasing the effective gas mobility. 
However, water vaporization concentrates mineral components in the brine, and in high 
salinity brines can induce mineral precipitation within the formation, which will 
increase over time leading to a reduction in gas permeability. The form or type of the 
deposited salt will depend on the extent of brine super-saturation achieved.  
 
In reservoirs containing high salinity brines Halite precipitation may cause loss of 
injectivity, productivity and eventually may lead to salt plugging. Prediction of the 
amount of damage and decrease in production has been reported [1,2,3]. In spite of 
being an important problem not much research has been performed in this area. Zuluaga 
and co-authors [4, 5, 6] have produced a series of semi-analytical and numerical models 
that describe the vaporisation process under a wide range of conditions. However, to our 
knowledge the saturation distribution and traveling wave through the rock has not been 
verified experimentally.  
 
The main aim of this paper is to improve the understanding of the processes involved 
during water vaporisation and salt precipitation. In order to achieve this objective a 
series of laboratory experiments were undertaken.  
 
 
EXPERIMENTAL METHODOLOGY 
Experiments were performed in a model system using methane flow through a high 
permeability North Sea sandstone and synthetic brine. 
 
Samples 
The rock is Permian reservoir sandstone, of aeolian origin, which is part of the 
Rotliegend Sandstone Group. The core plugs were scanned using an X-ray computer 
tomography (CT) system to identify their homogeneity and integrity. Thin parallel 
laminations, which are characteristic of this reservoir rock, can be clearly observed in 
the CT images – Figure 1. The NMR T2 distribution confirms the presence of a wide 
range of pore sizes. The gas-brine drainage capillary determined with a centrifuge is 
also shown in Figure 1. All the core plugs were cleaned by Soxhlet extraction with 
toluene/methanol and dried before being tested.  The core plugs have 13 -15 % porosity 
and a Klinkenberg permeability of 50 - 200 md.  Brine containing 20% NaCl (degassed 
and filtered through 0.45 m) was used to saturate the cores. Due to space limitations 
only one vaporisation experiment, denoted B12, will be reported here. The core plug 
used in this experiment has a porosity of 14.1% and a permeability of 50.7 mD at an 
effective stress of 2000 psi.  Before starting the vaporisation experiment the core plug 
was drained to a low water saturation using the porous plate method with a capillary 
pressure of 180 psi.  
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Vaporisation Methodology 
The schematic of the experimental set up used is shown in Fig. 2. The equipment 
comprises a composite X-ray transparent core-holder with internal heaters to keep the 
temperature constant. Two Quizix pumps, two methane gas accumulators and heated 
vessels are connected upstream of the coreholder. On the downstream side a 
backpressure regulator is connected to a desiccator on a balance (to absorb and 
determine the water vapor produced in the gas stream) and a gas flow meter. The 
experimental variables such as pressures, temperatures and weights were logged into a 
computer using Labview 7. The confining pressure was kept constant with a single 
piston flow pump in conjunction with a constant pressure control unit. Dry methane was 
injected at constant rate while the backpressure was kept constant. In-situ saturation 
profiles and mean saturation in all the cases have been obtained using X-ray CT 
scanning.  The saturation calculations have been based on the gas phase and porosity 
distribution [7] as the brine changes its concentration (CT Number) during the 
experiment. Additionally, as the water evaporates the possible formation of salt crystals 
introduces a new solid phase. 
 
 
RESULTS 
Vaporisation experiment B12 is part of larger study and was performed at an average 
methane pressure of 2940 psi and a temperature of 45 oC. The pump flow rate was set at 
0.1 cm3/min, at ambient temperature and 2950 psi.  This rate is equivalent to an average 
1.0 scf/D or 1200 mol/m2/day. The total amount of gas injected during this experiment 
was 81 pore volumes.  
 
The porosity distribution and initial gas saturation along the length of the core 
calculated from CT data are shown in Figure 3.  The average initial gas saturation was 
78 %. The upstream pressure and cumulative volume of methane produced during 
vaporisation are shown in Figure 4. The figure also shows the gas molar flux. The 
oscillations in gas flux are due to inertia in the backpressure regulator introduces 
oscillation and variation.  
 
The cumulative water production (Figure 5) shows two vaporisation regimes: (i) large 
initial vaporisation rate of 0.43 g/mol, up to an accumulative gas injected of 2 moles 
after ~ 31 hrs, followed by (ii) a decreasing rate of production until it becomes 
negligible after 7 moles of injected gas. It is possible that there is a change in the 
vaporisation mechanism between the two regimes, for example the brine becomes 
saturated with salt. It is worth noting that the produced water has been vaporised and 
therefore does not contain salt (i.e., distilled water). 
A first approximation for calculating the water saturation can be obtained by assuming 
that all the salt remains in solution (no precipitation) and the density of the produced 
water and the water within the rock are the same. The average water saturation 
decreases as the vaporisation progresses (Figure 6), confirming a change of rate after 31 
hours. The final (residual) brine saturation calculated using the above approximation is 
8.0%.  
 
In order to follow the vaporisation the gas saturation distribution and its evolution 
within the core, the front was evaluated using CT scanning, for more details see 
Appendix A. The evolution of the gas saturation profiles are shown in Figure 7. The 
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evaporation front reaches half length of the core at approximately 17 hours and the end 
of the core after 34 hours. The evaporation continues uniformly along the core between 
34 and 137 hours. The average gas saturation at the end of the experiment is 91.0% 
(apparent brine saturation 9.0%). 
 
 
DISCUSSION  
A material balance on the brine components (water and salt) before and after the 
experiment, plus concentration and densities of brine solutions [8, 9] can be used to 
estimate the amount of salt precipitated and the brine saturation. Using this improved 
method of calculation for saturations the final water component saturation is 6.8 %, and 
a brine saturation of 7.8% is obtained, and the solid salt should fill 0.5 % of the pore 
space. Therefore the calculated gas saturation is 91.7 % which agrees very well with the 
saturation obtained using the CT data and the approximate calculation. This validates 
the assumption used in the CT calculations and the saturations profiles obtained.  
 
In order to verify the location of the salt precipitation one end of the core was 
impregnated with epoxy and a sample was dry-cut (trimmed) for backscatter SEM.  The 
sample was polished using ethane diol and propan-2-ol to avoid water dissolution of the 
precipitated salt. The SEM pictures, Figure 8, clearly show that the halite distribution is 
uneven. Halite is mostly located in the finest-grained layers where the pores are 
smallest; these are typically enriched in clays relative to coarser-grained layers and have 
experienced stronger chemical compaction. Although halite is very uncommon within 
the coarser-grained layers, it is present locally, typically adjacent to the halite-enriched 
layers. These observations indicate that before vaporisation the capillary bound water 
was mainly contained in the low permeability laminations while the gas was flowing 
through the high permeability lamina. The evaporation may have started in the boundary 
between lamina, so water was drawn do the lamina interface. In a similar way the 
crystallization progressed from the boundary into the fine grained zone. Different 
morphologies of crystals were found: the surface of some grains were covered by 
parallel flaked crystals, while the crystals are undistinguishable within the clays and 
very small pores, The later may be due to fast crystallization linked to  extreme 
supersaturation. 
 
Saturation distributions obtained by CT scans show that the initial high evaporation rate 
approximately ends when the vaporisation front reaches the outlet of the core; e.g., 
when the gas saturation starts to increase in the outlet end of the core.   However, the 
gas does not seem to be in local equilibrium while water is still being vaporized as the 
gas saturation increases gradually along the length of the core. This indicates that the 
gas becomes gradually saturated as it flows through the sample. This observation 
contradicts the assumption of local thermodynamic equilibrium used in recent models of 
traveling waves [7]. The results also show that the start of the falling vaporisation rate is 
unrelated to the precipitation of minerals; as in one experiment our calculations 
indicated that salt was precipitated near the inlet before the vaporisation breakthrough. 
 
During the decreasing vaporisation rate, or second regime, the gas saturation increases 
uniformly along the core indicating that the gas phase was vaporising water at 
approximately the same rate at different positions along the core. Previously [6] it was 
proposed that a moving capillary transition zone was responsible for this effect. Another 
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striking difference between our experiments and published models is that in none of the 
experiments the water saturation along the length of the core dropped to zero. This can 
be simply explained as water evaporates the brine becomes more concentrated and the 
water partial pressure drops which agrees with the predictions of Duan and Mao [10]. 
 
The initial, or constant vaporisation rate, depends on gas flow rate, initial water 
saturation, pressure and temperature.  The experimental rate of water vaporisation 
ranged from 0.1 to 0.6 g of water per mol of methane. The rate of vaporisation at high 
pressure and low gas flow rate is more than double that at lower pressure and high flow 
rate. This may be due to local heterogeneities or at higher velocity not all the gas 
contacts the water lining the pore walls and therefore it requires more gas to evaporate 
the same amount of water.  Extrapolation of this observation to reservoir conditions 
indicates that the vaporisation rate deep into the reservoir could double the rate 
compared to near wellbore conditions. 
 
CONCLUSIONS  
The water production experiments show an initial higher and constant rate of 
vaporisation, followed by a gradual decrease of water produced which qualitatively 
agrees with previous observations and recently published numerical models. The initial 
rate depends on gas flow rate, initial water saturation, pressure and temperature.  
 
Water saturation is very difficult to evaluate during water vaporization due to the 
variation of brine salinity, the precipitation of salt and reduction of the pore space. In 
contrast gas saturation is unequivocal. In-situ saturation determination with CT 
scanning improves the understanding of the vaporisation process and the calculation of 
the different saturations.  
 
Saturation distributions obtained by CT scans show that during the initial high rate 
period a diffuse evaporation front advances within the core. This period ends with the 
breakthrough of the vaporisation front.  However, the gas does not seem to be in local 
equilibrium while water is still been evaporated. During the second regime with a 
decreasing vaporisation rate the gas saturation increases uniformly along the cores 
indicating that water is evaporating at an approximately uniform rate along the core. 
 
 In contrast to model predictions, the water production stopped for a dry gas injection, 
even when considerable amounts of water/brine was left in the pore space. The final 
brine saturation varied between 3 to 10 % in these experiments. Equilibrium 
calculations indicate that up to 2 % of the pore space could be occupied by precipitated 
salt and SEM images confirm these results. 
 
The observations presented in this paper can contribute towards the design of surface 
production facilities for water separation and to improve the evaluation of tight gas 
reservoirs in the presence of high salinity brines.  
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APPENDIX A 

Gas Saturation determination using CT 

 Porosity at any point of the core can be determined from scans at the same position 
while the pore space is fully saturated with gas and brine.  The porosity of each volume 
element can be calculated as: 

CTgCTw

CTrgCTrw





        (1) 

Where  is the porosity, CT is the CT number in Hounsfield Units, and the subscripts g, 
r, w refer to gas, rock and water respectively. The porosity as a function of length is 
calculated from the cross sectional area of each image, dry and saturated with KBr 
doped brine. 

Traditionally water or gas saturation can be calculated from linear interpolation [11] 
between the dry and water saturated volume or slice: 

CTrgCTrw

CTrgCTsw
Sw





      (2) 

where CTsw is the CT number of the volume at a water saturation Sw.  This is 
applicable when the CTw does not change during the experiment. However, during 
evaporation the brine concentration is continuously changing inducing a variable CTrw.  
Additionally, when salt is precipitated out of the brine the system has 2 solid and 2 fluid 
phases.  Therefore, most of the methods used to calculate 3 phase saturations, such as 
linear interpolation, one immobile phase, dual energy scan or matched CT fluids, 
become inapplicable without any additional knowledge such as brine composition 
distribution.  Approximate solutions can be obtained with the aid of other laboratory 
techniques such as measuring the total amount of water evaporated, then calculating the 
average brine composition and assuming that the composition is uniform along the 
length of the core. Our results clearly show that is a very crude approximation as there is 
a progressive evaporation along the length of the core.  

 Our approach is based on the knowledge of the porosity distribution under stress, which 
can be calculated using equation (1). Thus equation (1) and (2) can be combined and 
rearranged to obtain: 













CTgCTw

CTrgxCTsg

x
xSg

)(

)(

1
)(

      (3) 

where x is a position along the length of the core and  CTsg is the CT number of slice x 
a gas saturation Sg. In order to obtain reliable results the Ct images beam hardening 
must be minimized and the CT numbers of water and gas should be obtained inside the 
sleeve within the core holder. Additionally, reference materials are also used in every 
profile determination in order to correct for CT drifts.  
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Figure 1 Sample Characterisation: NMR T2 distribution, X-ray CT imaging, gas-brine capillary pressure 
and SEM. The thin laminations along the core plug are characteristics of this formation. 
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Figure 2- Schematic of the setup used for the water vaporization. 
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Figure 3. Porosity and saturation distribution along the length of the core calculated from CT data. 
 Water saturation by weight 22.8 % and average water saturation by CT 22.1%.  
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Figure 4. Methane molar flux, cumulative methane production and upstream  

pressure as a function of time during experiment B12. 
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Figure 5. Water recovered from the flowing gas as a function of the molar  
cumulative volume during experiment B12. 
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Figure 6. Approximated water saturation as a function of time during experiment B12. 
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Figure 7. Saturation distribution along the core calculated from CT scanning during experiment B12.  

The gas saturation profile at t=0 is the same profile shown in Fig. 3 as initial Sw. 
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Figure 8. Backscatter SEM images of the core end face after vaporisation. The Halite appears as (bright) 
white to very light grey in the images, porosity is black and sand grains are grey to dark grey. 
Halite is mainly found in the lower permeability bands filling the smaller pores and covering the 
grain surface of larger pores. 

  


