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A B S T R A C T   

Functional molecules such as dispersants and crystal modifiers can be effective in mitigating wax deposition from 
crude oils and gas condensates. Both chemicals reduce the average wax particle size to sub-micron and change 
the crystal morphology. Water has a further significant effect on size reduction in dispersants. This work focuses 
on the effectiveness of these two additives in flow condition in a stainless-steel capillary tube. Unlike conven-
tional flow loop systems, a simple open flow system is used to ensure constant wax content to avoid large fluid 
volume handling. Capillary tubes of 1- and 2-ft long are used to investigate effectiveness of dispersants and 
crystal modifiers in the laminar flow regime for a light shale oil with saturate content of 80 wt%. The effect of 
flow rate, concentration of the chemical additives (dispersant, crystal modifier), tube length, and brine on wax 
deposition are studied. An optimum concentration of chemical additives is found in flow tests, above which the 
effectiveness of additive decreases. Without aqueous phase, the crystal modifier is more effective than the 
dispersant. However, with 4% volume brine (of 5 wt% NaCl), the dispersant becomes more effective than the 
crystal modifier. Both additives are more effective at a higher flow rate; the influence of flow rate is more 
pronounced in the crystal modifier system than the dispersant. Wettability alteration to hydrophilic state is 
induced by adsorption of the dispersant backbone chains onto the stainless-steel (and wax molecules). Our results 
reveal that water improves dispersant effectiveness even in small amounts. A major observation in this work is 
pronounced pressure fluctuations in dispersants which relate to adhesion.   

1. Introduction 

Hydrocarbon production from shale and offshore formations often 
carries the risk of flow assurance from paraffin wax deposition and 
gelation [1–5]. Wax deposition commonly occurs along pipe walls below 
the wax appearance temperature (WAT) [3,4]. The wax gelation phe-
nomenon in a crude oil depends on morphology of wax molecules which 
may occur even at low wax contents, especially for wax crystals with a 
high aspect ratio [6–8]. Wax precipitation and deposition from crude 
oils depends on operating conditions such as temperature and flow rate, 
and on crude oil properties such as carbon number distribution, vis-
cosity, and asphaltenes, resins, and wax contents [9]. In recent review 
papers on wax deposition, the focus has been on: 1) subsea pipelines 
[10], 2) anti-wax pipeline coatings [11], 3) fundamental mechanisms of 
formation, deposition, and inhibition [12], 4) operating condition 

effects [13], and 5) biomass-derived solvents for inhibition [14]. 
Crystal modifiers and wax dispersants are two major classes of 

chemical additives in wax mitigation. Crystal modifiers are functional 
polymers and co-polymers that co-crystalize with wax particles through 
change in morphology; they hinder the wax network growth, and 
therefore reduce the extent of wax deposition [15–19]. Wax dispersants 
are surfactants that are used for wax deposition mitigation (WDM). They 
hinder the wax crystal deposition by adsorbing onto the surface of wax 
crystals and onto the pipe inner wall, altering the wettability to become 
more hydrophilic [20]. In general, the optimal dosage of chemical ad-
ditives for the WDM depends on crude oil composition [21,22]. The 
crude oil polar components such as asphaltenes and resins affect the wax 
deposition process. For example, the asphaltene-resin-wax interactions 
change upon asphaltene precipitation [23]. Co-deposition of asphal-
tenes and waxes is rarely reported, but wax deposition is reported to be 

Abbreviations: ID, inner diameter; OD, outer diameter; PPD, pour point depressant; PV, pore volume; PVb, pore volume passage before blockage; Vb, total volume 
passage before blockage; WAT, wax appearing temperature; WC, water cut; WDM, wax deposition mitigation. 
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affected by asphaltene precipitation from interfacial rheology mea-
surements [23–25]. 

The effectiveness of chemical additives for WDM is commonly 
studied by cold finger and flow tests. The latter accounts for the hy-
drodynamic effects and is therefore superior to the cold finger tests. One 
shortcoming of the conventional flow tests is that the outlet oil circulates 
through a supply vessel. Because of deposition of wax and adsorption of 
WDM chemicals onto the pipeline, and the co-precipitation of wax and 
WDM chemicals, the composition of inlet oil mixture may change with 
time. 

Mechanisms of wax deposition in flow tests include molecular 
diffusion, thermal diffusion, Brownian diffusion of the particles, nucle-
ation kinetics, gravity settling, shear dispersion (Taylor dispersion), 
shear stripping and flow pattern in multi-phase flow [3]. Molecular 
diffusion is often thought to be the controlling mechanism in wax 
deposition from external cooling [5,26–31]. There are extensive studies 
on wax deposition from crude oils and condensate liquids in flow con-
ditions [5,32–36]. The effect of aqueous phase on wax deposition is 
largely unknown. Water-to-oil ratio (WOR) may affect thickness of wax 
deposition, wax content of the deposited medium, and WAT. However, 
the effects are not conclusive [33,34,36]. 

In several experimental studies, the efficiency of chemical additives 
in WDM has been assessed in flow tests. In 1970, Mendell and Jessen 
[37] have conducted single-phase flow loop tests, using five crude oils 
and five different crystal modifiers. The tests are conducted in turbulent 
flow conditions with additive volumes to 2%; a varying degree of 
effectiveness is observed with a maximum reduction of 40–85% in wax 
deposition [37]. Flow in turbulence condition decreases the wax depo-
sition because of the shear removal and the shear thinning [38]. Bello 
et al. [39] evaluate the effectiveness of three commercial chemical ad-
ditives in single-phase flow for three crude oils. They find a wax depo-
sition reduction of 12–88%, depending on chemical additive and crude 
composition. They observe that addition of up to 50% xylene to the 
chemical additive maintains additive effectiveness while reducing the 
cost [39]. Lashkarbolooki et al. [40] investigate the effectiveness of 
ethylene vinyl acetate (EVA) and mixtures with chloroform, acetone, p- 
xylene, and petroleum ether, in single-phase flow loop in laminar 
regime. Among all combination of additives, a maximum reduction of 
53% is observed in wax deposition at 800 ppm EVA / acetone / p-xylene 
(50%, 25% and 25%, respectively) [40]. Hoffman and Amundsen [41] 
conduct single-phase and two-phase (gas-oil) flow tests to investigate 
the effectiveness of a commercial crystal modifier in a gas condensate. 
They find an optimum concentration of 125 ppm at turbulent flow 
conditions, beyond which the enhancement stays the same. In flow tests, 
the wax deposited layer is 60–90% thinner with the chemical additive, 
but the deposited layer is harder, making the removal more difficult 
[41]. Venkatesan et al. [42] use single-phase flow in the loop test and 
study effectiveness of four commercial chemical additives (at 500 ppm) 
in a crude oil; they observe a maximum reduction of 60% in thickness of 
wax deposition. Adeyanju and Oyekunle [43] investigate the effect of 
acrylate ester copolymers with long alkyl chains as pour point de-
pressants (PPD) at concentrations of 1 to 5 wt% and repot a reduction of 
15–35% in thickness of wax deposition, in single-phase flow in a crude 
oil [43]. Thayeb and Diaz [44] study wax deposition in a crude oil, using 
a polyacrylate polymer (C16-C22) at concentrations of 250–2000 ppm in 
single-phase flow; they report a maximum wax inhibition of 40–100% 
by varying temperature difference between the coolant and oil [44]. 
Jafari Ansaroudi et al. [19] employ flow loop tests to investigate wax 
deposition from a mixture of refined paraffin wax and kerosene and 
investigate the effect of a chemical additive on the morphology of the 
wax crystals formed in the flowline. They repot that without the addi-
tive, the wax crystals are initially plate-like. At 100 ppm EVA, the wax 
crystals have smaller size mal-shape with a smaller aspect ratio [19]. 
The mal-shaped crystals are under-developed and agglomerate [45]. 
Recently, Chi et al. [46] investigate effectiveness of EVA and two 
different copolymers of alkane-maleic anhydrite (MAC, a comb-like 

copolymer) with short and long alkane chains in a gas condensate 
from Azerbaijan [46]. They report that after 72 h, EVA decreases the 
thickness of wax deposits by 55% while MAC with short and long side 
alkane chains decrease wax thickness by 66% and 85%, respectively 
[46]. The additive application leads to a thinner deposition of higher 
wax content. Without additive, the wax content of the deposit is 19%, 
which increases to 28% with EVA, and to 21% and 44%, by MAC with 
short and long side alkane chains, respectively [46]. 

The objective of this work is to investigate the effect of two types of 
additives on wax deposition from a shale oil in laminar regime. One 
crystal modifier and one dispersant are used in this investigation. The 
two chemicals are found promising in our earlier research using wax 
particle size measurements in vials [49]. The effect of the aqueous phase 
(brine) on deposition is part of this investigation. Most authors quantify 
the chemical effectiveness in terms of reduction in wax deposition 
thickness [18,37–39,41,43,44,46–48]. In this work, the effectiveness is 
quantified in terms of cumulative volume of oil that flows in the capil-
lary tube before a pressure drop threshold is exceeded. Our simple 
method does not require an assumption about the deposit and provides a 
practical measure of blockage. The focus is on laminar flow regime as 
flow assurance by wax deposition is less severe at high flow rate. 
Experimental. 

1.1. Materials 

A shale oil is used with 80 wt% saturate content, 6.7 wt% wax 
content and a low concentration of asphaltenes (0.2 wt%). The 
measured wax appearance temperature (WAT) for the oil is about 40 ◦C 
[49]. The shale oil sample is kept at 55 ◦C before flow tests to avoid wax 
precipitation prior to fluid flow. The relevant oil properties are pre-
sented in Table 1. 

In vial tests, a total of nine chemical additives (provided by Lubrizol 
Corporation) are screened, including six crystal modifiers and three 
dispersants. The most promising dispersant (D) and the most promising 
crystal modifier (CM) are selected. The dispersant D is a polyalkylated 
phenol with 50 wt% active components in an aromatic solvent. The 
crystal modifier CM is a copolymer ester with 37 wt% active components 
in an aromatic solvent. The molecular structures of these two polymers 
are sketched in Fig. 1. 

The additives are identified with the tag names (D for dispersant and 
CM for crystal modifier) and the concentration, appearing in the 
subscript (in ppm). For example, D500 is 500 ppm dispersant and CM500 
is 500 ppm crystal modifier. An aqueous phase of 5 wt% NaCl in water is 
used in this investigation. 

1.2. Experimental procedure in flow tests 

Wax deposition tests are initially conducted in flow tests without the 
additives to establish a baseline. From the tests, total injection before 
blockage (by wax deposition) is measured. After introducing the addi-
tive to the oil phase, enhancement in the total volume passage before 
blockage is measured from dynamic pressure drop measurements in the 
tube. The outlet is open to atmospheric pressure. 

Flow tests are conducted, using the oil, with and without the aqueous 
phase. The effects of flow rate, water-to-oil ratio (WOR), chemical ad-
ditive type, additive concentration, and tube length are investigated as 

Table 1 
Relevant properties of the shale oil.  

Property measured Value 

Viscosity at 25 ̊C (cP)  14.8 
Density at 25 ̊C (g/cm3)  0.83 
Asphaltene content (wt%)  0.22 
Wax content (wt%)  6.67 
Wax appearance temperature (̊C)  40.5  
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summarized in Table 2. 
A schematic of the experimental set up is shown in Fig. 2. The 

chemical additives (D and CM) are both oil-soluble. They are mixed with 
the oil and loaded into a 60 mL syringe and kept at 55 ̊C (in convection 
oven) before injection. A syringe pump (KD Scientific Inc.) is used to 
inject the oil mixture into a stainless-steel capillary tube (L = 1 ft, OD =
1/8 in., ID = 0.033 in., and PV = 0.167 mL) at a constant rate. A 2- ft 
long tube (PV = 0.334 mL) is also used with the same inner and outer 
diameters to investigate the length effect. 

The inlet pressure is measured by a pressure transducer, using two 
different diaphragms with spans of 5 and 30 psig (OMEGA® Eng. Inc.). 
The inlet pressure is equal to total pressure drop in the tube because the 
tube outlet is at atmospheric pressure. The syringe pump is manually 
stopped after the inlet tube pressure (threshold) exceeds 15 psig. The 
pump and pressure transducer are placed in an air bath of 55 ◦C. The 
capillary tube is placed horizontally outside the air bath at room tem-
perature (25 ◦C). In tests with brine, a second syringe is filled with 5 wt% 
NaCl solution and is connected to the syringe pump. Equilibrium 
establishment is allowed at 55 ̊C before co-injecting with the oil sample. 
The brine injection rate is fixed at 2% and 4% of that of the oil (by 
volume). In flow tests with brine, the fluid streams are mixed in a union- 
tee fitting located before the pressure transducer. 

After each test, the capillary tube is heated to 80 ◦C and is blown with 
compressed air to displace the deposited wax. Then it is successively 
flushed with cycles of heptane, toluene and IPA, and is dried by flowing 
compressed air. The cleaning procedure is followed consistently in all 
tests to remove the deposited wax, and to restore the tube pristine 
wettability. 

2. Results and discussions 

In the following, the results of wax deposition flow tests are pre-
sented with and without the chemical additives. The effect of brine on 
wax deposition and interactions with the crystal modifier and dispersant 
are also discussed based on the inlet pressure and total pore volume 
passage (before blockage). Low injection rates in laminar flow are used 
in relation to blockage in producing wells in shale formations after the 
early period of high production rate. Only in the wax deposition tests to 
study the effect of CM concentration, a pressure drop threshold of 5 psi is 
used. For all other cases, a threshold of 15 psi is used to identify the 
blockage time. This pressure drop threshold is about two orders of 
magnitudes higher than the pressure drop before wax deposition build 
up in the tube. At this threshold, the tube may not be blocked 

unambiguously, but it can be considered as practically blocked. 

2.1. Wax deposition analysis in flow tests without additives 

The effect of flow rate on the inlet pressure is shown in Fig. 3 without 
additives or brine. The tests are conducted in the shorter tube (1 ft) at 
three different flow rates of 1.5, 3 and 6 mL/h. 

As seen in Fig. 3, the inlet pressure at different flow rates has the 
same features in the early period; there is no appreciable fluctuations. 
The pressure data in Fig. 3 show that there are two different trends of 
pressure increase upon flow: 1) gradual pressure increase, and 2) intense 
pressure spikes. The gradual increase in the injection pressure is due to 
continuous wax deposition onto the tube inner wall, reducing the area 
available for flow; at this stage, the flow is not yet blocked. The intense 
pressure spikes indicate major tube constrictions by the wax particle(s). 
At the chocking location, fluid velocity increases which increases the 
shear force. The increased shear may dislodge at least a part of the wax 
deposit at the chocking point, re-entraining it to the oil stream, resulting 
in a sudden decrease in pressure drop. The dislodged wax particle(s) 
may block a down-stream location. Numerical simulations of wax 
deposition show a specific choking point in the wax deposition process 
in tubes [45]. Due to stochastic nature of the shear removal process, the 
shape and size of the re-entrained wax particle(s), and down-stream 
constrictions will make it difficult to identify the actual constricting 
location in the tube. This is especially true at late stage deposition when 
the area available for flow is considerably reduced. Multiple pressure- 
drop spikes (in Fig. 3) that occur within varying distances (in terms of 
PV) from each other provide an indication of stochastic nature of 
blockage and shear removal. Similar intense pressure fluctuations are 
observed by asphaltene deposition in flow [50] and by water-in-oil 
emulsions flow [51]. 

From Fig. 3, it follows that major blockages occur at a later stage of 
deposition. At the three flow rates, several temporary occasions of minor 
blockage occur (identified with intense pressure rise < 15 psi). For these 
minor blockages, the shear force dislodges part of the deposited wax, 
resulting in a decrease in pressure drop to a value before flow restriction. 
At flow rates of 1.5, 3 and 6 mL/h, the blockage occurs after 102, 153 
and 340 PV injection, respectively. At a higher injection rate, higher 
volume of oil pass before the capillary tube becomes practically blocked 
by wax deposits. Fig. 3 shows that the pressure spikes are more intense at 
higher flow rates. 

The fluctuations in pressure drop are attributed to precipitation, 
deposition, and dislodging of the deposited wax. The flow tests ate 
duplicated. The pressure drop replication results are presented in the 
Supplementary Material, showing that the pressure drop results are 
reproducible. 

The reduced inner diameter of the tube (as results of wax deposition) 
can be calculated from the pressure drop method of Weingarten and 
Euchner [52], which simplifies to the Hagen-Poiseuille equation in 
laminar flow. This method is based on assumptions of a Newtonian fluid 
and uniform surface roughness – that is, similar to the clean tube. Fig. 4 
shows the computed ratio of wax deposition thickness to the clean tube 
inner radius from the Weingarten and Euchner method [52]. In the 

Fig. 1. Molecular structure of the two chemical additives used for WDM assessment: (a) dispersant D, and (b) crystal modifier CM. R is a functional group.  

Table 2 
A summary of experimental variables and values in the flow tests.  

Experimental variables Values 

Flow rate (mL/h) 0.75, 1.5, 3 and 6 
Water-to-oil ratio, WOR (vol%) 0, 2 and 4 
Chemical additive dispersant (D) and crystal modifier (CM) 
Additive concentration (ppm) 0, 100, 200, 300, 500, 600, 800 
Capillary tube length (ft) 1 (short), and 2 (long)  
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figure, the inlet pressure is plotted vs. PV and time for flow rates of 1.5 
and 6 mL/h. The results for the intermediate flow rate of 3 mL/h (see 
Fig. 3) are not shown for clarity. From Fig. 4, it appears that the 
computed wax deposition thickness is higher at a lower injection rate, 
which can be explained based on: 1) longer contact time between the 
cold tube and warm oil, and 2) higher shear at the higher injection rate. 
Fig. 4 shows that the calculated deposit thickness at the constriction 
point controls the pressure drop in the tube. Calculation of wax thickness 
of the controlling constriction is challenging when several flow ob-
structions contribute to the pressure drop fluctuations simultaneously. 
In the simulation studies, the dynamics of pipeline blockage by wax 
deposits are usually inferred from average deposition thickness. Fluc-
tuations are not considered and as a result, a monotonic thickness in-
crease is calculated with time [5,53–58]. 

Fig. 4 shows that the ratio of wax thickness-to-radius returns to a 
base value of about 0.30 at 1.5 mL/h, following a fluctuation. At 6 mL/h, 
this ratio is about 0.2 and increases slightly with time. Similar to the 
simulation studies of wax deposition [5,53–58], the thickness of wax 
deposition in Fig. 4 approaches an asymptote near the blockage with the 
ultimate value changing with injection rate. Over 80% of the inner 

Fig. 2. Wax deposition flow test set-up: (a) process flow diagram, and (b) image (inside oven).  
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diameter is blocked by wax deposition at the chocking location after 
about 100 PV at flow rate of 1.5 mL/h. The blockage occurs at about 330 
PV at 6 mL/h. The blockage at the higher flow rate occurs at significantly 
more fluid passage (Fig. 4(a)). But it is at about the same time for low 
and high flow rates according to Fig. 4(b). When comparing the depo-
sition thickness at high and low flow rates, similar characteristics are 
observed, showing a monotonic increase in the wax thickness initially 
and at near blockage, along with spikes during flow. At 1.5 and 6 mL/h, 
the peaks in the wax thickness are close. 

2.2. Effect of dispersant and crystal modifier on wax deposition mitigation 

The effect of chemical additives and brine on deposition is shown in 
Fig. 5(a) at 500 ppm dispersant (D500), and in Fig. 5(b) at 500 ppm 
crystal modifier (CM500). The results are also compared to the baseline 
(without the additives) at 1.5 mL/h in the 1-ft capillary tube. 

According to Fig. 5(a), without brine, the dispersant (D500) does not 
significantly delay the blockage. It can be effective when brine is pre-
sent. This figure shows that the blockage is significantly delayed by D500 
and 4% brine, and the dispersant intensifies pressure fluctuations with 
or without brine. Fig. 5(b) shows that there is improvement in delaying 
wax deposition blockage by CM500 (compared to the baseline test 
without the additives). The brine does not significantly change the 
effectiveness of the crystal modifier. There are relatively mild pressure 
fluctuations before blockage. One can clearly conclude that the disper-
sant adheres to the pipe surface. 

At molecular level, water molecules may interact with the hydroxyl 
functional groups of dispersant molecules through hydrogen bonding. 
From pressure fluctuations with dispersants (and unlike crystal modi-
fiers showing much less pressure fluctuations) an argument is offered on 
the mechanisms. The formation of hydrogen bonding between the water 
molecule and phenol’s hydroxyl group (in dispersant) is shown in Fig. 6. 
The interactions between water and dispersant molecules mitigate the 
growth of wax crystals. The mechanism is discussed in [49]. The hy-
drocarbon backbone in dispersant molecules co-crystalizes with wax, 
exposing the phenol functional groups to interact with water molecule to 
mitigate the wax growth. Therefore, dispersant and brine hinder the 
blockage through two simultaneous mechanisms: 1) mitigating the 
growth of wax particles in the bulk oil phase as observed by smaller wax 
particles in the vial tests [49]; and 2) mitigating the growth of wax 
deposition onto the tube surface, after a thin layer of wax co-crystalizes 
with the dispersant molecules. 

From Fig. 5(a), we suggest that the dispersant may adhere/adsorb to 
the capillary tube surface without water and with water. Without water 
the pressure fluctuations are more severe. Pressure fluctuations relate to 
adhesion and from dislodging. It is also likely that when wax and dis-
persants adsorb/adhere to the wall, water molecules may form associ-
ation with the phenol OH and as a result there will be further reduction 
of adsorption/adhesion of waxes. The adsorption may change wetta-
bility of stainless steel to water-wetting. The contact angle of brine-air 
on the clean stainless-steel surface is around 103◦. In the stainless 
steel coated with CM500 (in toluene), the brine-air contact angle is about 
101◦. The contact angle is 67◦ for the stainless steel coated with D500 (in 
toluene) [49]. The dispersant changes the wettability of stainless steel 
from (weakly) oil-wetting to (moderately) water-wetting in the air- 
brine-dispersant-steel system. Contact angle data with the oil phase 
may provide a more definitive reasoning. With water and dispersants, 
wax particles are smaller in the bulk oil as mentioned above [49]. Based 
on the above, the sketch in Fig. 6 applies to both bulk phase and the 
surface. 

As seen in Fig. 3, there is flow enhancement from flow rate. The 
combined effects of water (WOR = 0, 2% and 4%) and dispersant at flow 
rate of 3 mL/h are compared in Fig. 7. The figure shows that brine and 
dispersant can be very effective in high fluid passage before blockage. 
Moreover, the effectiveness of the dispersant increases when the WOR is 
increased from 2% to 4%. 

From Fig. 7, one obtains the pore volume passage at blockage (PVb), 
showing that at 0, 2% and 4% WOR, PVb = 137, 189 and 293 PV, 
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Fig. 6. Schematic of hydrogen bonding between water molecules and hydroxyl 
functional groups in dispersant molecules. 
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respectively. When the WOR increases from 0 to 2%, the PVb increases 
from 137 to 189. There is about 38% enhancement in total fluid volume 
passage before blockage. The total PV of brine co-injected with oil is 
included in the total fluid passage (189 PV). WOR is defined as the ratio 
of water to oil volume. From the total of 189 pore volume passage, about 
4 PV is brine and 185 PV is crude oil. Flow enhancement for total hy-
drocarbon pore volume passage at 2% WOR (using D500) is about 35%. 
Similarly, with dispersant and 4% WOR, one observes 114% flow 
enhancement for total fluid and 106% for hydrocarbon passage 
compared to the dispersant alone. 

The effect of crystal modifier concentration on WDM in the 1-ft 
capillary tube is shown in Fig. 8. A flow rate of 0.75 mL/h (4.5 PV/h) 
is used for comparison and a cut-off threshold of 5 psi as the blockage 
criterion in these runs. The results show that increasing the concentra-
tion of crystal modifier from 100 to 500 ppm enhances the total volume 
passage in the tube before blockage. A reverse trend is observed by 
increasing the concentration from 500 to 800 ppm, implying that the 
efficiency decreases at concentration beyond 500 ppm. The observation 
is in agreement with our vial cooling tests for which an optimal con-
centration of chemical additives can be found [49]. Self-association and 
association of crystal particles may be the reason for the reversal [49]. 

To the best of our knowledge, there is no reported work in the 
literature on a decrease in the effectiveness of dispersants and/or crystal 
modifiers with concentration in WDM. Previous reports on the optimal 
inhibitor concentration are related to the economic criterion where the 
addition of the inhibitors (beyond the optimal point) still improve the 
wax deposition mitigation; however, this improvements is not justified 
by the additional cost of the inhibitor [39,41]. 

2.3. Total volume passage before blockage 

From the inlet pressure data, total volume passage of oil before 
blockage (Vb, or alternatively PVb) can be estimated using a threshold 
value for the pressure drop in the tube. The effectiveness of the two 
chemical additives can be expressed in percent increase in the PVb (oil +
additive + brine) before blockage compared to the baseline. In tests 
without brine, the baseline test is conducted using oil only without an 
additive. For tests with varying levels of WOR and additives (oil + ad-
ditive + brine), the baseline tests are conducted using (oil + brine) at the 
same WOR. One can compare the effectiveness of the chemicals in the 
same tube length based on flow rate, inlet oil temperature, and 
controlled environment temperature. 

In all cases, two baseline runs are conducted for which an average 
PVb is found by injecting warm oil (with or without brine) into the 
capillary tube held in a controlled environment at room temperature. 
Then, the effect of wax additive (either CM or D) on total volume pas-
sage is investigated. 

In Fig. 9, the effectiveness of D500 and CM500 is shown in PVb 
enhancement with and without brine. The “enhancement” is defined by 
the increase in PVb for a given additive compared to the baseline. A high 
flow enhancement (%) is a measure of additive performance. Replicated 
runs are conducted for the effect of flow rate on enhancement; the data 
in Fig. 9 are based on the average values of the duplicates. The error bar 
indicates good agreement among replications; the variability is small 
except for the two runs conducted at the highest flow rate of 6 mL/h. As 
the Supplementary Material reveal, our inlet pressure data are repro-
ducible at different flow rates and at different brine and additive con-
centrations. The variability observed in Fig. 9 is because of stochastic 
nature of blockage and shear removal. 

There are several observations from Fig. 9 at flow rates of 1.5, 3 and 
6 mL/h. At 500 ppm additive concentration, both the dispersant and the 
crystal modifier are effective with or without brine. The plots imply that 
more fluid can pass before blockage compared to the baseline test 
without the chemical additive at all three flow rates. In brine, flow 
enhancement is defined in comparison to a baseline using the oil at the 
same WOR (without additives). The minimum enhancement is about 
14% using D500 and CM500 conducted at 1.5 mL/h without brine. Fig. 9 
shows that the performance of CM500 is a strong function of flow rate, 
both with and without brine. The efficiency of D500 is only a relatively 
mild function of flow rate, but is strongly affected by brine. CM500 
performance is not sensitive to brine. At a higher flow rate, the PVb also 
increases as seen in Fig. 3. The effect of flow rate on effectiveness of the 
chemicals is more pronounced by CM500. In tests with the oil alone, total 
PVb increases from 97 PV at 1.5 mL/h to 337.5 PV at 6 mL/h. This 
corresponds to a 248% increase in total volume passage from flow rate 
effect. Using CM500 and without brine, PVb increases from 110.5 PV at 
1.5 mL/h to 773 PV at 6 mL/h, which is about 600% increase. Therefore, 
the enhancement in flow for CM500 is about 14% at 1.5 mL/h and 129% 
at 6 mL/h. There is a drastic difference in the performance of CM500 by 
increasing the flow rate in the range 1.5 mL/h to 6 mL/h as seen in 
Fig. 9. 

Without brine, CM500 is more effective than D500 as observed in Fig. 9 
(a). The superiority of the crystal modifier to dispersant without brine 
becomes more pronounced at higher flow rates. With brine, the 
dispersant becomes more effective as seen in Fig. 9(b) and the superi-
ority of dispersant compared to crystal modifier is more pronounced at a 
lower flow rate. There are residence time effects at a lower flow rate that 
allow the precipitated wax particle to grow in the tube as explained in 
relation to Fig. 4. The observations of effectiveness of D500 and CM500 
and the effect of water on dispersant effectiveness are supported by the 
vial results [49]. 

A higher rate of thermal energy enters the capillary tube by 
increasing the oil flow rate. Because the capillary tube is placed in 
stagnant air, the rate of heat transfer from capillary outer wall to air 
controls the heat removal from the oil stream. Therefore, increasing the 
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oil flow rate will increase the temperature of stainless-steel capillary, 
especially near the entrance, resulting in less wax deposition because it 
is more soluble in the oil at a higher temperature near the tube inner 
wall. 

With D500, the maximum enhancement of 132% is achieved at 4% 
WOR at the highest flow rate of 6 mL/h. At this flow rate, the average 
flow enhancement without water is only 27% (Fig. 9(a)). At 4% WOR, 
the maximum flow enhancement by CM500 is 101% at the highest flow 
rate of 6 mL/h (Fig. 9(b)), which is comparable to enhancement from 
crystal modifier without brine. Flow enhancement by D500 without brine 
is about the same (14% flow enhancement) as by CM500 at the lowest 
flow rate of 1.5 mL/h. The difference between the performance of 
dispersant and crystal modifier increases drastically with an increase in 
flow rate; at higher flow rates, CM500 is much more effective than D500 
without the brine. 

The effect of WOR on performance of dispersant is shown in Fig. 10 
at the flow rate of 3 mL/h. The brine cannot appreciably change wax 
deposition without the dispersant. At a WOR of 4%, there is about 4% 
enhancement in the PVb compared to the oil alone. Given that the total 
pore volume includes brine, there is no significant enhancement in the 
oil PVb from brine. However, when dispersant is added, there is signif-
icant enhancement to the PVb, and the dispersant becomes more effec-
tive as the WOR increases from 2% to 4% as seen in Fig. 10. There is 13% 
enhancement in total pore volume passage by dispersant without brine, 

which increases to 58% at 2% WOR, and to 139% at 4% WOR. 
A mixture of additives (D500 and CM500) is also investigated; no 

synergistic effect between the dispersant and crystal modifier is 
observed. 

A summary of the results of the effect of flow rate, WOR and additive 
on PVb is listed in Table 3. The PVb shown in this table is the average of 
two duplicate runs at each flow rate. These results show a general 
behavior that both additives (D500 and CM500) improve total fluid pas-
sage, and the effectiveness of both additives increases with flow rate. 
Brine does not significantly change the performance of crystal modifier, 
while it substantially enhances the effectiveness of the dispersant. The 
results at the lowest flow rate, 0.75 mL/h, show that the dispersant at 
500 ppm does not improve WDM, and it results in a decrease. Without 
brine at a flow rate of 0.75 mL/h, total fluid passage before blockage is 
59 PV without dispersant, which decreases to about 39 PV with D500. For 
all the other cases, the dispersant and crystal modifier are considered 
effective at 500 ppm concentration. 

Flow tests are also conducted in the 2-ft long capillary tube with the 
same inner diameter and material as the 1-ft capillary tube to examine 
the length effect. A comparison between the deposition performance in 
the short (1 ft) and long (2 ft) capillary tubes is shown in Table 4. The 
flow rate is 1.5 mL/h in both tubes. Because the pore volumes of the 
short and long tubes are different, the total volume injected is used 
before blockage (Vb) in mL instead of PV. The PV of the clean empty 
tubes are 167 μL in the short capillary and 334 μL in the long capillary. 
Less fluid can pass through the longer tube before blockage, as shown in 
Table 4. Similar to the shorter tube, brine does not have a significant 
effect on the performance of CM500 in the longer tube. However, brine 
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Table 3 
A summary of combined effects of flow rate, wax additive, and water-to-oil ratio 
on the total pore volume passage. Results are the average of two runs.  

Inhibitor WOR (vol 
%) 

PVb at different flow rates (mL/h) 
0.75 1.5 3 6 

– 0 59.0 ±
2.0 

97.0 ± 8.0 123 ± 3.9 337.5 ± 8.8 

4 57.5 ±
2.9 

103.0 ±
2.0 

127 ± 5.9 368.0 ±
17.6 

D500 0 38.5 ±
1.0 

110.0 ±
4.0 

137 ± 3.9 429.5 ±
16.7 

4 71.0 ±
2.0 

224.0 ±
13.7 

292.5 ±
10.8 

855.0 ±
141.2 

CM500 0 84.0 ±
2.0 

110.5 ±
2.9 

197.5 ±
6.9 

773.0 ±
125.4 

4 86.0 ±
2.0 

119.5 ±
5.9 

217.5 ±
8.8 

738.5 ±
34.3  
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significantly increases the performance of D500 in the longer tube, 
similar to the shorter tube. 

As seen in Table 4, D500 at 4% WOR has the maximum enhancement 
in the long tube, for which a flow enhancement of 36.5% is observed 
compared to the baseline test (oil + 4% WOR). The efficiency of D500 in 
WDM decreases more than the scaling factor (2:1) between the long and 
short tubes. This is not the case with CM500, as can be inferred from the 
ratio of Vb in the long and short capillary tubes. This ratio is about 0.32 
without brine and 0.38 with brine by D500. The last column in the table 
shows the ratio of enhancement in flow in the long tube to that in the 
short tube. At 4% WOR, the enhancement in the long tube with CM500, is 
about 80% of that in the short tube; this value is about 30% with D500, 
which indicates the fast decline in the performance of dispersant and 
brine upon scale up. An interesting result is that at flow rate of 1.5 mL/h, 
the dispersant alone (without brine) is effective in WDM in the short 
tube for which about 14% improvement in total volume passage occurs 
before blockage. However, it is not effective in the longer tube. Table 3 
shows that at a lower flow rate of 0.75 mL/h, the dispersant alone is not 
effective, even in the shorter tube (1 ft). From these observations, it 
appears that at a longer residence time, the dispersant alone without 
brine may even promote the blockage due to adsorption to the metal 
surface. In the vial testing [49], dispersant without brine gives a 
decrease in the average size of wax particles from 1.64 μm in oil alone to 
0.67 μm with D500 after 1 h and made the size distribution of the wax 
particle wider (higher poly dispersity) representing a shift in size dis-
tribution to larger values over time [49]. 

3. Conclusions 

In this work, a fixed wax content in the inlet of a capillary tube is 
selected with the outlet open to atmospheric pressure to investigate 
effectiveness of dispersants and crystal modifiers in wax mitigation. The 
system may have merits over a flow loop system. The following con-
clusions are drawn from the work.  

1. Significant pressure drop fluctuations are observed in the wax 
deposition flow tests. The pressure drop fluctuation are related to 
wax deposition and shear removal mechanisms at blockage state.  

2. Pressure fluctuations are pronounced, for the dispersant due to 
adsorption to the wall surface. Adsorption to the surface by disper-
sants may decrease with water due to hydrogen bonding with 
dispersant phenol group.  

3. The thickness of the deposited wax is higher at a lower flow rate.  
4. There is an optimum concentration for the chemical additives, 

beyond which their effectiveness decreases. This optimum concen-
tration in flow tests in our work is about 500 ppm. The optimum 
concentration has not been reported in the literature in the past to 
the best of our knowledge.  

5. The crystal modifier (CM500) used in our work is more effective than 
the dispersant (D500) in wax mitigation without brine.  

6. Brine/water has a substantial effect in improving the dispersant 
effectiveness.  

7. Both additives are more effective at higher flow rates; the influence 
of flow rate is more pronounced on the crystal modifier than the 
dispersant. 
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