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 Abstract. Wax deposition in pipelines is a critical problem for the oil and gas industry. The correct prediction of the 

wax buildup is important for the planning stages of new projects and optimization of pig’s passage. The current wax 

deposition models, widely used in the oil industry, do not incorporate the complete deposition mechanisms, relying on 

adjusting parameters that are specific of particular fields from where the data were obtained. For that reason, their 

predictions are not sufficiently accurate and cannot be extrapolated to other fields. In the present work a study was 

conducted to contribute to the understanding of the basic deposition mechanism. To this end, a test section with a simple 

geometry, well controlled conditions and a model oil with known proprieties were employed. The measurements obtained 

were used to validate simulation models and provide valuable information on the wax deposition mechanisms. A 

miniature probe was developed to measure the evolution of the deposit-liquid interface temperature and deposit thickness 

for three different Reynolds numbers in the laminar regime. Differently from what is found in the literature, the deposit-

liquid interface temperature was found to increase from the wax appearance temperature (WAT) to a temperature value 

between the WAT and the wax disappearance temperature (WDT). The finding that the deposit-liquid interface 

temperature never below the WAT, indicate that, for the range of operating conditions of the present experiments, the 

main mechanism responsible for the deposit growth is heat-transfer-induced phase change, while molecular diffusion 

becomes more important in later stages for the deposit aging process. Using a high resolution camera, the transparent 

plexyglass test section allowed for the acquisition of original images of the deposit formation and growth, as well as the 

visualization of wax crystals flowing in suspension above the deposit. The images also show the competition between the 

yield stress of the newly formed deposit and the shear stress imposed by the flowing oil. 
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1. INTRODUCTION  
 

One of the most significant problems for the production and transportation of petroleum is the formation of paraffin 

deposits on the internal walls of pipelines. The formation of these wax deposits results on the reduction of the cross section 

of the pipelines increasing the pressure drop of the transportation lines and, consequently, reducing the production rate 

and increasing pumping power. Depending on wax content of the oil and the environmental conditions surrounding the 

pipelines, the wax deposition problem may become critical, leading to the total blockage of the line. With production 

reaching ever greater depths and longer tiebacks, as seen in the Brazilian pre-salt fields, conditions for wax deposition 

problems are favored. The ability to predict wax deposition is of fundamental importance in the design stages of a pipeline. 

Also, the design of wax removal operations relies on good estimates of wax deposition rates.  The most common method 

to remove wax deposits from pipelines is through pipeline pigging (Gao et al., 2021). The advance knowledge of the wax 

deposit thickness and mechanical resistance is also relevant information. It is known that over time, the heavier 

components of the solution diffuse into the deposit while the lighter fractions diffuse out, causing an increase in its 

hardness, what is known as deposit aging. Aged deposits offer increased resistance to removal by pigging operations 

(Hoteit et al., 2008; Merino-Garcia et al., 2007; Singh et al., 2001; Veiga et al., 2020).  
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There are currently a few commercial software that attempt to predict wax deposition, however there is still not a well 

–accepted model that can accurately predict the wax deposit evolution in different field conditions. The major challenge 

is to identify the dominant deposition mechanisms to be implemented in these models. Initially in the literature there were 

assumptions that gravity settling, Brownian diffusion, and thermophoresis could be relevant, but these mechanisms were 

readily disregarded as significant contributors to this problem. The main mechanism that has been considered for decades 

as the main responsible for wax deposition is molecular diffusion (Burger et al., 1981; Hamouda & Ravnøy, 1992; 

Hoffmann & Amundsen, 2010; Singh et al., 2000).  

A few authors in the last decades have questioned the acceptance of molecular diffusion as the main deposition 

mechanisms. The practice of adjusting the predictions of the models to field and laboratory data have made the molecular 

diffusion model widely employed (Azevedo & Teixeira, 2003). These tuning parameters appeared in different forms, 

such as kinetic coefficients (Huang et al., 2011), adjusting constants (Alhosani & Daraboina, 2020) or by simply adjusting 

the molecular diffusion coefficient to fit the wax deposit found experimentally (Singh et al., 2000). The fact that molecular 

diffusion alone is not sufficient to predict the evolution of deposits is an indication that other mechanisms are missing 

from the modeling (Soedarmo et al., 2017). In recent years the acceptance that other mechanisms might be relevant in 

wax deposition have appeared more frequently in the literature (Mahir et al., 2019; van der Geest et al., 2021; Van Der 

Geest et al., 2018; Yang et al., 2020).  

Wax deposition has also been treated as controlled solely by heat transfer (Bhat & Mehrotra, 2004; H. O. Bidmus & 

Mehrotra, 2004; Parthasarathi & Mehrotra, 2005)(Bhat & Mehrotra, 2004; Parthasarathi & Mehrotra, 2005). In this line 

of work, the numerical simulations consider that wax deposition is a phase change problem, only taking into account the 

heat transfer as responsible for the formation of wax deposits. Models based on this assumption were developed and  

compared to experimental data mostly obtained from flow loop test sections (Ehsani et al., 2019a; Ehsani & Mehrotra, 

2020; Haj-Shafiei & Mehrotra, 2019; Mehrotra & Bhat, 2007; Tiwary & Mehrotra, 2009) or cold finger devices (Ehsani 

et al., 2019b; Ehsani & Mehrotra, 2019; Haj-Shafiei & Mehrotra, 2019). Several experiments performed indicated that 

the wax deposit interface evolves at the e wax appearance temperature (WAT), supporting the assumption that heat 

transfer is the only responsible for wax deposits formation (Mehrotra et al., 2020).  

An important region that could provide valuable insight into this matter is the deposit-liquid interface. In the molecular 

diffusion modeling approach, for a concentration gradient to occur, the temperature of the deposit-liquid interface must 

always be below the WAT, while in the case of modeling the deposition only by heat transfer the deposit-liquid interface 

must always follow the WAT.  

Bidmus & Mehrotra (2008a, 2008b) attempted to make measurements on the deposit-liquid interface using 3.2–mm-

diameter thermocouples. However, the temperature data was not registered when these rather large thermocouples tips 

were visualized inside the deposit-liquid interface. Instead, the temperature data was later analyzed a posteriori and the 

deposit-liquid interface was assumed to be the region where the highest temperature gradient occurred. Moreover, the 

experiments were performed in a closed vessel and the test solution could be depleted as the deposition time and thickness 

increased. 

The rheological characteristics of the deposits have also been recently considered as relevant to determine the deposit 

formation (Mahir et al., 2019; Palermo & Tournis, 2015; Zheng et al., 2017). In this modelling approach, the deposit is 

formed when the yield stress of the deposit is higher than the shear stress imposed by the flowing oil at the interface. The 

yield stress can be obtained by the rheological tests and can be associated with the solid fraction prevailing in the deposit.  

As could be seen in this brief literature review, there is not yet a consensus on the mechanisms responsible for wax 

deposition. The accurate measurements of the temperature of the deposit-liquid interface can provide valuable insights 

on the mechanisms responsible for wax deposition. In this work we successfully measured the region of the deposit-liquid 

interface without interrupting the deposition process and without disturbing the deposition site. The measurements were 

carried out with a retractable miniature probe, in a well-controlled test section employing a test fluid with known 

properties.  

The use of a high resolution digital camera, made it possible to visualize the precise moment that the temperature 

probe reached the deposit-liquid interface region. Original images of the wax deposit formation were obtained, showing 

that the rheological properties do play a role in the deposition process. In these videos it is possible to see suspended wax 

crystals above the deposit and also the competition between the yield stress of the newly formed deposit and the shear 

stress of the flow.  

 

2. METHODOLOGY 

 

The experiments were carried out in a flow loop test section that was built in the Fluids Engineering Laboratory of 

Pontifical Catholic University (LEF/PUC-Rio). A schematic view of the experimental set-up can be seen in Figure 1. The 

arrangement consisted of an annular assembly, which will be later described in this section, fed by a cylindrical stainless 

steel tank filled with 23 L of the model oil. A magnetic heating plate was used beneath the storage in order to melt the 

test solution and to keep it homogenized during the experiments. The solution was pumped inside the annular assembly 

by a volumetric pump, Netzsch NEMO021, in order to provide a constant inlet flow rate condition.  Heating tapes 

surrounding the rubber hoses were also activated in order to avoid any wax crystal formation. The tank where the annular 
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test section was installed was filled with water and a Haake DC30 thermostatic unit kept it at a controlled temperature of 

38.6°C. Two thermostatic baths were used to alternate between pumping hot and cold water inside the internal pipe and 

a set of four ball valves were used to perform this transition. The temperatures of the two thermostatic baths were set, one 

at a hot temperature level of WAT+3°C, and the other at a cold temperature level of WAT-23.6°C. A temperature probe 

was located at 80% of the total length of the annular assembly. The arrows displayed in the Figure 1 indicate the flow 

direction of the fluids.   

The annular assembly was formed by a pipe in pipe structure where the inner pipe was made of copper and the outer 

pipe was made of acrylic, forming a 7.5 mm annular gap. In the beginning of the experiments hot water would flow inside 

the copper pipe and hot wax solution would flow in the annular region between the copper and the acrylic. The experiment 

was initiated when cold water was pumped inside the inner pipe, rapidly decreasing the copper wall temperature and 

inducing the formation of wax deposit around it. The transparent acrylic pipe permitted the visualization of the entire 

deposition process, what not only allowed for more precise measurements of the interface temperature, but also yielded 

the acquisition of original images of the deposition process. In the location where the measuring temperature device were 

positioned, an acrylic block was machined in order to minimize optical distortions caused by curved acrylic pipe, thereby 

providing excellent images of the interior of the test section. The camera chosen for the experiments herein presented was 

the MotionPro X3 high speed camera. The 100-µm probe was initially retracted to avoid any disturbances on the flow, 

and at the desired deposition time, it was lowered until reaching the deposit liquid interface, while the temperature data 

was being registered. The exact moment that the tip of the probe entered the deposit-liquid interface region could be 

clearly visualized by the optical setup employed. 

 

 
Figure 1 Schematic view of the test section employed in the wax deposition (Veiga et al., 2020). 

 

The inner wall of the copper pipe was instrumented with 11 type-E thermocouples uniformly distributed along its 

length, with the thermocouple junctions installed in the copper wall so as not disturb the flow in the annular region. 

Thanks to this construction, it was possible to obtain precise data of the cooling rate being employed. The rapid ball valve 

maneuver that alternated between the two thermostatic baths resulted in a high cooling rate that consisted of two segments, 

as can be seen in Figure 2. In the first 40 seconds an abrupt temperature drop occurred, corresponding to a cooling rate of 

32°C/min, followed by a lower cooling rate of 0.25 °C/min, after which the wall temperature reached its steady state value 

of 12°C.  
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Figure 2: Temporal variation of the spatially-averaged copper pipe wall temperature, for Reynolds numbers 736, 1440 

and 2073 (Veiga et al., 2020).  

 

2.1 Test fluid 

 

A model oil was used in the present work. The wax components in the test fluid solution were obtained by the 

distillation of a crude oil, so that there was a clear distinction between the paraffinic components (C22-C39) and the 

solvent (C12). The paraffinic components represent 20% of the total solution. The melting point of the mixture is 55.2°C 

and its density 747.8 kg/m3 at 40°C. The viscosity of the solution at 38°C was 1.462 mPa·s. The average molar mass of 

paraffin was 403.4 kg/mol, which corresponds to a carbon number of 28. The C12 was supplied by Shanghai IS Chemical 

Technology and its composition had 99% of purity. A chromatogram of the test fluid can be seen in Figure 3. The solvent 

(C12) percentage is presented at the left vertical axis while each of the paraffinic components (C22-C39) percentage is 

presented at the right vertical axis. 

 

 
Figure 3 Chromatogram of the model oil employed in our test section (Veiga et al., 2020).  

 

3. RESULTS AND DISCUSSION 

 

In this section, the experimental results of the deposit liquid interface temperature and the visualization of the wax 

deposition process are presented.  

 

3.1 Deposit-liquid interface temperature 

 

The experiments were performed for three different Reynolds number values, namely 736, 1440 and 2073. As in 

these experiments a high cooling rate was employed, the deposit was rapidly formed. Temperature measurements were 

initially performed at 30-minute intervals for seven hours, with the exception of the first measurement, which was 

measured at 5 minutes after the beginning of the deposition. The uncertainty of the deposit-liquid interface temperature 

measurements was estimated to be ±0.3°C. 

 The time evolution of the deposit-liquid interface temperature is shown in Figure 4 Figure 6. The black dashed 

horizontal lines at the bottom and top of the figures indicate the values of the measured WAT and WDT of the model oil 

being studied. The error bars indicate the estimated uncertainties of the experiments. The dotted red line indicates the 

average of the measurements acquired after 30 minutes. It can be seen that this average value is within the error bars of 

all the measurements except for the initial five minutes, indicating that the deposit-liquid interface temperature remains 
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constant after an initial stage of rapid growth. Another relevant aspect to be observed is that the interface temperature 

does not match either the WAT or the WDT. 

 

 

 
Figure 4: Time evolution of the deposit-liquid interface temperature for Reynolds number of 736.  

 

  
Figure: 5 Time evolution of the deposit-liquid interface temperature for Reynolds number of 1440.  

 

 
Figure 6: Time evolution of the deposit-liquid interface temperature for Reynolds number of 2073.  

 

Figure 7 combines the data for the three values of the Reynolds numbers tested. The results indicate that there is not a 

detectable difference in the evolution of the interface temperature for the range of Reynold numbers tested.  
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Figure 7: Time evolution of the deposit-liquid interface temperature for different Reynolds numbers for the high cooling 

rate experiments. 

 

In order to investigate the initial stages of the deposition that presented a significant lower value for the interface 

temperature, additional experiments were performed. In these experiments, instead of lowering the probe until reaching 

the deposit-liquid interface, the miniature probe was pre-positioned at distances of 1, 2 and 3 mm from the copper pipe 

wall. This different method was employed due to the fast growth rate of the deposit that did not allow for the necessary 

time to precisely position the temperature probe at the interface. After the initiation of the deposition process, 

simultaneous registration of images for the probe temperature were performed. The deposit-liquid interface temperature 

could be determined by observing the frame-by-frame images of the 100-µm probe junction being engulfed by the deposit 

interface. The temperature value corresponding to each image frame was known from the synchronized records. The 

results of the measurements obtained with this methodology can be seen in Figure 8. It is interesting to observe in the 

figure that the deposit-liquid interface temperature, for all three Reynolds number investigated, matched the exact value 

of the WAT. In Figure 8, the measurements for time equal to 5 minutes obtained with the technique based on probe motion 

are also presented.   The initiation of the interface temperature increase toward the constant value reported in Figures 4 

to 6 can be observed. It can also be noted that the time to reach the predetermined positions of the probe tip increases with 

Reynolds number. 

 

 
Figure 8. Deposit-liquid interface temperature for pre-determined positions of the thermocouple probe, for Reynolds 

numbers of 736, 1440 and 2073. 

 

As could be seen in the results presented here, the deposit-liquid interface temperature measurements were never 

bellow the WAT, and therefore, a concentration gradient could not be formed. This information contradicts that molecular 

diffusion is the dominant mechanism on wax deposition. The fact that the temperature measurements performed at the 

first five minutes of deposition are equal to the WAT, indicate that heat transfer, in this case, is the main responsible for 

the formation and growth of the wax deposits. 

For longer deposition times, the deposit interface, however, did not follow the exact value of the WAT, as predicted 

by the supporters of the heat transfer approach. The interface temperature value presented an increase from the WAT to 

a value between the WAT and the WDT.  

A possible explanation for the observed behavior of the interface temperature is related to necessary subcooling for 

wax precipitation. This degree of supercooling was found to be directly proportional to the cooling rate, that is, as the 
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cooling rate increases, the greater the supercooling required (Andrade et al., 2017). For the higher cooling rate that prevail 

in initial stages of the experiment, the subcooling associated with the WAT promotes wax formation. As the cooling rate 

is reduced due to the thermal insulation provided by the deposit, a lower degree of subcooling is required and crystal form 

at a higher temperature.  

Another explanation for the interface temperature being different from the WAT and WDT is the possible local 

variation of the fluid original composition which would lead to a different local value for the WAT and WDT. Indeed, 

Veiga et al., 2020 have presented numerically predicted concentration profiles of the heavier wax components where the 

increase in the concentration of these components in the fluid above the interface was evident.  Further investigation is 

necessary to address this issue.  

 

3.2 Visulaization of wax crystal formation  

 

The deposit formation process was recorded by the same high resolution camera used in the measurements of the 

deposit-liquid interface temperature. While performing the deposit-liquid interface temperature measurements, suspended 

wax crystals flowing above the deposit were observed. This wax crystals cloud appeared only during the initial stages of 

the deposit growth. In order to investigate the origin of these crystals and verify that they were not just being detached 

from upstream  regions, the camera that was initially located at a dimensionless axial position x/L=0.8 was moved to an 

upstream x/L = 0.2.  

Two frames extracted from the recorded video at different times  of the annular region at the axial position of x/L=0.2 

are presented in Figure 9. Figure 9(a) shows the beginning of the experiments without the presence of solid wax deposit. 

The dark region at the bottom is the copper pipe, and above it is the annular region where the waxy oil flows. It is possible 

to see in Figure 9(b) that the suspended wax crystals still appeared, indicating that its occurrence is unrelated to the shear 

stress imposed by the flow over an already formed deposit. The deposition process at the cooling rate of 0.5°C/min was 

found to always present three different stages: Precipitation of small crystals above the clean copper pipe; Increase in size 

and number of wax crystals and finally, after the deposit had grown to form a thick layer, the number of crystals decrease 

until completely vanishing. During this process, however, the deposit growth was not linear with time. After the initial 

precipitation, some crystals would attach to the copper wall, while others would seem to be formed and grow already 

attached to it.  Either way, these initially attached solids eventually were stripped from the wall due to the shear forces of 

the flow, indicating a competition between the yield stress of this agglomerate of solids and the shear stress imposed by 

the flow. Once the copper pipe became colder and the amount of solids increased, a deposit would be formed without 

detaching, finally being able to resist the flow-induced forces. This results indicates that the rheological beahavior of the 

desposits should considered in the development of wax deposition models.  

 

 
(a) 

 
(b) 

 

Figure 9. Instantaneous images of the deposit formations where (a) is the clean annular region, before the beginning of 

the deposition and (b) is the initial deposition with suspended wax crystals flowing above the deposit. 

` 

4. CONCLUSIONS 

 

The present work provided valuable information regarding the physical mechanisms involved in the process of wax 

deposition on cold surfaces. This study followed the research strategy of carrying out experiments with simple geometries 

and using a model fluid with well-known properties. In addition, the experimental test section was carefully developed to 

provide well-defined boundary conditions, allowing measurements to be taken while wax deposition experiments were 

running.  
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In this work, measurements were performed for the temperature of the deposit-liquid interface. The experiments were 

performed for three different Reynolds numbers, namely, 736, 1440 and 2073.  

Measurements of the temporal evolution of the temperature of the deposit-liquid interface indicate that the interface 

is initially at the WAT increasing to a constant value between the WAT and the WDT. As the deposit-liquid interface 

temperature is always above the WAT, this result contradicts the most commonly employed molecular diffusion based 

wax deposition models. The evolution of the deposit interface at the WAT for the initial times is a strong evidence that 

the deposition could occur only by heat transfer for the conditions tested. The Reynolds number did not have any influence 

on the temperature of the deposit interface.  

The presence of suspended wax crystals flowing above the deposit was investigated with images recorded with a high 

frame rate camera. The initial appearance of this “cloud of crystals” was found to be unrelated to crystals detached 

upstream. These  orginal images indicate that a competition between the yield stress of the newly formed deposit and the 

shear forces imposed by the flow might be relevant to deposit formation 
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