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Abstract
Wax deposition is a challenge in crude oil transportation. Wax deposition is affected by many factors, including 
cooling rate and wax concentration. However, the effect of shear rate on wax appearance temperature (WAT) is 
less studied, so an investigation of a model waxy oil system, mineral oil and paraffin wax, was undertaken. Wax 
appearance temperature was depressed by different extents by increasing shear rate, increasing cooling rate, and 
decreasing wax concentration. Corroborating other studies, wax concentration significantly affected WAT. Chang-
ing concentration from 5 to 50 wt% resulted in ~ 20 °C increase in WAT. Two types of rheological measurements 
were completed for determining WAT under shear, either a temperature ramp or isothermal steps. Both techniques 
found WAT within 1 °C of the other. Overall, shear rate has a small, quantifiable effect on WAT of ~ 2 °C when 
changing from 1 to 1000  s−1 at the same cooling rate. Similarly, a decrease in cooling rate from 10 to 0.2 °C/min 
under 100  s−1 shear increased WAT ~ 4 °C. In addition, yield stress decreased from 416 to 8 Pa with increasing shear 
upon wax formation from 0 to 1000  s−1. Increasing cooling rate from 0.2 to 5 °C/min increased yield stress from 5 
to 505 Pa when formed at 10  s−1. Wax appearance studies using rheology were corroborated by static techniques, 
including calorimetry and phase behavior. Overall, adding shear rate to the phase diagrams of waxy oils could help 
the industry address their flow assurance needs.
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Introduction

A significant problem with the transportation of crude oils is 
the deposition of waxes that lead to the blockage of pipelines 
(Flavio S. Ribeiro et al. 1997; Sun et al. 2019). The process 
of pipeline blockage occurs in three stages: precipitation, 
deposition, and complete gelation, which nominally require 
between 1 and 6 wt% wax (Chala et al. 2018). Wax deposi-
tion is the formation of solids that can grow on a surface, 
lead to damage near the wellbore, or cause changes in fluid 
properties as wax precipitates out of the liquid phase (Singh 
et al. 2000). The concentration of solute in excess of satura-
tion, lateral transport by diffusion, shear dispersion, Brown-
ian diffusion, and gravity settling provide driving forces for 

the formation of wax particles (Lashkarbolooki et al. 2011; 
Zhu et al. 2008). In addition, wax clusters can trap oil and 
create large gel-like structures with high viscosity (Theyab 
2018).

Wax precipitation and flow assurance issues are affected 
by many factors, including oil composition, flow rate, tem-
perature gradient, pipe wall temperature, oil temperature, 
shear stress, recirculation time of oil in the rig, and oil vis-
cosity.(Lee 2008; Theyab and Yahya 2018) Temperature is 
probably the most critical factor in wax precipitation and 
deposition because of its effects on solubility, e.g., paraf-
fin wax is liquid at reservoir temperatures of between 70 
and 150 °C (Thota and Onyeanuna 2016). Wax solubility 
decreases with decreasing temperature, and the rate of depo-
sition is proportional to the temperature difference between 
the bulk oil and pipe wall (Thota and Onyeanuna 2016; Zhu 
et al. 2008).

Since wax concentration differs by location, oil composi-
tion plays an important role in wax deposition (Coutinho and 
Daridon 2005; García 2000). The effect of wax content on 
wax appearance temperature is an important variable in many 
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studies (e.g., Dimitriou and McKinley 2014; Dimitriou et al. 
2011). While wax may cause problems in pipelines, wax is 
useful in other situations. Paraffin wax with about 3–7 wt% 
oil is used to make paper and food packages impermeable to 
water. Other, natural waxes at concentrations of 5–79 wt% are 
used in household chemicals such as shoe, floor, furniture, 
and automobile polishes, or candle manufacture (Freund et al. 
1982). Some cosmetics, such as lipsticks, use 10–12 wt% wax 
to create consistent performance (Freund et al. 1982).

Various laboratory techniques have been developed 
to measure wax properties, such as differential scanning 
calorimetry (DSC), cross polar microscopy (CPM), and 
rheometry. DSC measures the heat given off during a 
crystallization or phase change process. An exothermic 
peak appears as wax precipitates, indicating the wax 
appearance temperature (WAT). DSC also measures the 
total heat flux of wax precipitation. Since this method 
measures heat, both transparent and opaque samples can 
be measured. Alternatively, enhanced contrast between 
liquid and solid improves the applicability of CPM for 
detecting the WAT in crude oils that can be dark in color 
and/or opaque (Yang et al. 2015).

WAT can also be determined with rheological methods by 
measuring viscosity as temperature decreases. WAT is recorded 
when the viscosity increases significantly (Tarantino, 2016). 
WAT under flow is also called gelation temperature (GT). 
In this paper, we follow the convention that WAT and GT 
are synonymous terms similar to other works (Alcazar-Vara 
and Buenrostro-Gonzalez 2011). Flow rate affects wax 
deposition because different forces dominate flow under 
different flow regimes (Theyab 2018). Under turbulent 
flow, dynamic forces maintain fluid flow parallel to the pipe 
axis and allow for mixing between layers. Contrarily, under 
laminar flow, viscous forces prevent mixing between lay-
ers. Laboratory studies indicate that under a laminar flow 
regime, wax deposition is more prevalent when compared 
to turbulent flow (Hsu and Brubaker 1995; Lee 2008).

Many publications have investigated the effect of cool-
ing on WAT or wax strength under static conditions (Lin 
et al. 2011; Ruwoldt et al. 2018). Others have determined 
cooling effects on wax appearance using rheometry. 
However, many of these experiments have been done at 
relatively small shear rates that mimic static conditions 
(Japper-Jaafar et al. 2016b; Rønningsen 1992). Varying 
shear rate is important in order to investigate features of 
waxy crude oil, such as morphology of wax particles or 
thixotropy after precipitation (Hénaut et al. 1999; Kane 
et al. 2002). However, little work probed the effect of 
shear rate on wax appearance. In this paper, we will quan-
tify how WAT changes over wide ranges of shear rate (1 to 
1000  s−1), concentration (5 to 50 wt%), and temperature 
gradient (0.2 to 10 °C/min).

Experimental

Materials

Mixing a commercial mineral oil and paraffin wax at dif-
ferent concentrations serves as an analog for a waxy crude 
oil. Paraffin wax is the predominant wax type in crude oils 
and can cause blockage in pipelines upon solidification 
(Kurniawan et al. 2018). Paraffin wax and light mineral 
oil (LMO) were sourced from Sigma Aldrich. LMO has a 
density at 25 °C of 0.838 g/L and a flash point of 112 °C, 
while paraffin wax flashes at 113 °C and melts between 
58 and 62 °C.

Waxy oil samples were prepared at six different mass 
concentrations: 5, 10, 15, 25, 35, and 50 wt% wax in LMO. 
An amount of solid wax was measured and mixed with 
LMO. After heating the sample using hot plate (> 80 °C), 
a single-phase liquid was created and further studied. Sam-
ples were stored in a water bath at 80 °C to ensure that 
samples remained a single-phase liquid.

Methods

The wax appearance temperature of various compositions 
of paraffin wax in LMO was observed at static conditions 
using two methods. First, samples were placed in a tem-
perature-controlled water bath, which used ASTM D2500 
to determine WAT (Hammami et al. 2003). Secondly, dif-
ferential scanning calorimeter (DSC) confirmed WAT ther-
mally (Zhao et al. 2015).

More specifically, samples at various wax concentra-
tions were placed in a temperature-controlled water bath. 
Phase observations began at 65 °C, which is above melting 
point of pure wax (58–62 °C). Temperature was lowered 
by 1 °C from 65 to 10 °C with at least 1 h equilibration 
time per temperature step. Visual inspection determined 
cloud point, viscous appearance, pour point, and solid 
phase. Cloud point represents the temperature where wax 
particles first start to agglomerate, demonstrating some 
opacity compared to the previously transparent liquid. 
Pour point describes the temperature at which a sample 
ceases to flow freely when tilting a vial for at least 5 s. 
After the pour point is observed, a final phase change 
may be observed upon further cooling when the sample 
becomes a white solid.

Waxy oil samples, stored at 80  °C, were weighed 
(~ 7 mg) in a stainless-steel pan to perform DSC (DSC 
250 from TA Instruments) using standard protocols. Each 
sample was equilibrated at 65 °C for 5 min, analogous to 
the phase study and rheological experiments. To deter-
mine the WAT, temperature ranged from 65 to 15 °C at a 
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cooling rate of 10 °C/min. WAT was determined by onset 
temperature. The onset temperature is represented by the 
section of the heat flow curve where the heat flow begins 
to increase significantly. The onset temperature was calcu-
lated by finding the tangent point where the slope changes 
between the horizontally and vertically directed lines on 
the graph (Hansen et al. 1991; Zhao et al. 2015). The onset 
temperature was recorded as the WAT.

Flow measurements were carried out using a Discovery 
Hybrid Rheometer (DHR3) from TA Instruments. All exper-
iments, except yield stress measurements, used a 60-mm 
stainless-steel parallel plate geometry at a gap of 500 μm 
in conjunction with a temperature-controlled Peltier plate 
(± 0.1 °C). Before beginning rheological experiments, all 
samples were conditioned for 1 min to erase the thermal 
history by pre-shearing at 65 °C and 1  s−1.

Viscosity was measured by two methods. Temperature 
ramp experiments cooled samples from 65 to 5 °C below the 
wax appearance temperature determined in water bath exper-
iments. Experiments were run at temperature ramp rates of 
10, 5, 2, 1, 0.5, and 0.2 °C/min. Moreover, flow measure-
ments were taken at constant temperature 5 °C below WAT 
for each sample. Steady state measurements at shear rates 
varied from 1 to 1000  s−1. Every experiment was run three 
times, and standard deviations were calculated.

One method for determining WAT or gelation tempera-
ture is when viscosity deviates from an Arrhenius model 
fit (Alcazar-Vara and Buenrostro-Gonzalez 2011). Since the 
temperature dependence of Newtonian fluids fits an Arrhe-
nius equation well, WAT can be identified when viscosities 
diverge from the Arrhenius scaling (Li et al. 2015; Vargas 
et al. 2018). Alternatively, the ratio between viscosity at each 
time point to the time point before was calculated. A sig-
nificant increase in this viscosity ratio was observed when 
wax solidified. A viscosity ratio of 5 was used to identify 
WAT under flow. Data analysis using the two mentioned 
procedures showed very good agreement (0.4–1.5% error) 
(see supporting information). Viscosity ratios are more eas-
ily calculated than Arrhenius fitting, so viscosity ratios are 
used throughout this paper.

In order to further investigate the effect of shear rate on 
WAT and eliminate temperature gradients, peak hold proce-
dures were done at the same shear rates of temperature ramp 
experiments. Peak hold experiments were run at ± 3 °C from 
the WAT obtained from temperature ramp experiments. Each 
peak hold step measured viscosity for 120 s at a constant 
shear rate at 0.5 °C intervals. Thus, viscosity increases at 
both constant temperature and shear rate provides another 
measure of WAT.

To better investigate on the effect of shear rate and cool-
ing rate on mechanical properties of the waxy solids, yield 
experiments were performed using a 28-mm vane and 
cup geometry. Initially, samples were cooled from 65 to 

35 °C (~ 6 °C below pour point of 25 wt% wax/LMO sam-
ple) and held for 1 h. Oscillatory amplitude sweeps were 
done by increasing stress amplitude from 0.01 to 1000 Pa 
with frequency of 0.1 Hz. Experiments were terminated 
when oscillation strain > 100%. Each amplitude sweep test 
took ~ 90 min. The maximum elastic stress (= G’γ) was 
defined as yield stress (Hagen 1993; Stickel 2009).

Results and discussion

Describing rheological features of pure components will 
occur first and frame the discussions of wax appearance tem-
perature in LMO/wax mixtures. Then, effects of shear rate 
and cooling rate on 25 wt% wax (a representative sample) 
will be presented in detail. Concluding the “Results” section, 
measurements at other wax concentrations as well as under 
static conditions allow for comparisons with measurements 
under shear.

Pure components rheology

Understanding the rheology of each pure component pro-
vides content to discuss waxy oil mixtures. Steady-state 
flow curves were measured for pure wax and LMO (Fig. 1). 
LMO viscosity was Newtonian across all temperatures (− 5 
to 65 °C). For example, viscosity of LMO at 20 °C was 
0.03 ± 0.001 Pa·s, which is more than ten times the viscosity 
of water at the same temperature (0.001 Pa·s). Also, viscos-
ity of light oil at 65 °C was constant (0.006 ± 0.0007 Pa·s).

For pure wax at 65 °C, Newtonian behavior was observed. 
However, lowering the temperature to ~ 10 °C below the 

Fig. 1  Viscosity of pure LMO at 20  °C and pure paraffin wax at 
50 °C and 65 °C
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wax’s melting point (50 °C), shear thinning was observed. 
By lowering the temperature from 65 to 50 °C, viscosity 
increased from 2 to 5 orders of magnitudes compared to the 
65 °C wax between shear rates of 1 and 1000  s−1. Viscosity 
of pure wax at 50 °C and shear rate 1  s−1 is ~ 700 Pa·s, which 
is in the same order of magnitude as approximate viscosity 
of molten polymers (1000 Pa·s) (Hamada 2010). Overall, 
the rheology of pure oil and wax should bound the behav-
ior of LMO with various concentrations of paraffin wax in 
subsequent sections.

Shear effects on WAT for 25 wt% wax

Detailed rheology on 25% wax provides quantitative detail 
on wax appearance under flow. At other wax concentrations, 
the rheology is qualitatively similar, so analyzed, aggregated 
results will be presented later. First, viscosity of 25 wt% wax 
at 65 °C and 5 °C above WAT showed Newtonian behavior 
up to 1000  s−1 (Fig. 2). However, at 5 °C below the WAT, 
significant shear thinning was observed.

Since the model waxy oils are a two-component mixture 
of LMO and paraffin wax, rheological behavior can be com-
pared with the pure components’ properties. Wax solidifica-
tion caused mixtures to increase significantly in viscosity 
below 100  s−1 and demonstrate shear thinning once below 
the WAT. The increase in viscosity and shear thinning was 
measured at all wax concentrations at 5 °C below the WAT. 
After solid wax droplets form below the WAT, shear thin-
ning can result from droplet deformation, i.e., wax drop-
lets create more elliptic shapes that result in less collisions 
between droplets, and thus, decreasing viscosity (Mezger 

2011). Alternatively, long chains of paraffin wax can reori-
ent to structures that align with the flow under increas-
ing shear rates (Visintin 2005; Wagner and Brady 2009). 
Another physical explanation of shear thinning is breaking 
of inter-particle bonds (e.g., van der Waals forces) between 
wax molecules formed during cooling (I.M.El-Gamal 1998; 
Winterton 1970). Shear thinning at 5 °C below the WAT can 
be represented by a power law, which will be elaborated on 
later.

For 25% wax in LMO, using the temperature ramp pro-
cedure, WAT at shear rates of 1, 10, 100, and 1000  s−1 was 
measured at ambient pressure and cooling rate 0.2 °C/min 
to be 45.5 ± 0.1, 44.6 ± 0.5, 43.9 ± 0.1, and 43.2 ± 0.5 °C, 
respectively (Fig. 3). Therefore, increasing shear rate from 1 
to 1000  s−1 lowered the WAT more than 2 °C. Lower shear rates 
may allow wax clusters to form more readily (Japper-Jaafar 
et al. 2016b). One explanation is that shear minimizes time 
for wax nuclei to come in contact and form bigger clusters 
(Macosko 1994; Wessel and Ball 1992). Viscosity after the 
phase change at low shear rates (1 and 10  s−1) increases by 
at least 100-fold by 2 or 3 °C below the WAT. However, 
applying higher shear rates, the increase in viscosity below 
the WAT is observed to be about threefold for shear rates 
100 and 1000  s−1.

For 25 wt% wax, yield stresses of waxy solids formed at 
shear rates of 0, 10, 100, and 1000  s−1 were measured to be 
416 ± 32,145 ± 3, 46 ± 1, and 8.2 ± 0.2 Pa, respectively (see 
Supporting information). Thus, increasing shear rate during 
the formation of waxy or gel-like solids leads to a weaker 
fluid. One explanation is that energy added to the wax by 
imposing shear rate, breaks the bonds between wax particles 

Fig. 2  Viscosity as a function of shear rate for 25 wt% wax at three 
different temperatures (65, 47, and 37 °C)

Fig. 3  Temperature ramp under induced flow for 25% wax/LMO 
sample for various shear rates. Colored vertical lines indicate WAT 
for each shear rate
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and degrades the larger length scale or gel-like structure 
(E1-Gamal 1998). Hydrate slurries also present a similar 
trend in which viscosity decreases upon increasing shear 
rate (Thota 2016; Webb et al. 2013).

Since temperature ramps include some uncertainty defin-
ing a WAT, experiments using isothermal steps alterna-
tively measured WAT (Fig. 4). At the same shear rates as 
the temperature ramps (1, 10, 100, and 1000  s−1), the WAT 
was found to be 44.5, 44.0, 43.0, and 43.0 °C. The stand-
ard deviation for isothermal step experiments was less than 
0.5 °C. A ratio of viscosity ~ 5 was used to identify WAT 
for both temperature ramps and isothermal step rheology 
experiments. Overall, WAT for 25 wt% wax in LMO meas-
ured with isothermal steps was similar to those measured 
with temperature ramp, but slightly lower (0.2–1 °C). This 
slight difference indicates that determining WAT is not only 
affected by shear rate but also temperature gradient. Since 
the temperature variability was eliminated in peak hold 
measurements, we can better see the effect of shear rate 
on WAT independent of temperature gradient. Overall, the 
WATs from both methodologies are in agreement ( ≤ 1 °C) 
across the full range of shear rates. Since temperature ramp 
experiments are faster than isothermal steps, WAT meas-
urements from temperature ramps will be presented across 
different concentrations.

Cooling rate effects on WAT for 25 wt% wax

Cooling rate can also change the WAT (Chala et al. 2018; 
Ruwoldt et al. 2018). Decreasing the temperature gradient at 
constant shear rate depresses wax appearance temperatures. 

For 25 wt% wax at 100  s−1, WAT decreased from 43.9 to 
40.1 °C when changing the cooling rate from 0.2 to 10 °C/
min. Similarly, WAT changed from 45.5 to 41.1 °C at 1  s−1 
(Fig. 5). These findings are similar to samples of anhydrous 
milk fat and lard where solid content increases up to 10% 
upon decreasing the cooling rate from 5 to 0.1 °C/min. Solid 
fat aggregates can trap liquid similar to wax droplets result-
ing in higher viscosity (Campos et al. 2002).

At slower cooling rates, small wax particles can aggregate 
and form larger clusters more readily. Waxy oil with larger 
wax particles has higher viscosity than waxy oil with smaller 
particles, so higher WATs have been measured for slower 
cooling rates (Chang et al. 2000). Faster cooling rates also 
resulted in lower gelation temperatures in asphaltene mix-
tures with crude oil (Venkatesan 2003), so our findings are 
consistent with the literature.

Increasing cooling rate raised yield stress for 25 wt% wax 
(see Supporting information). Cooling rate effect on yield 
stress is not monotonic and is dependent on the wax/gel fail-
ure mechanism. Yield stress increases with increasing cool-
ing rate in case of adhesive failure while decreasing in case 
of cohesive failure (Lee et al. 2008). In our experiments, 
cooling rates appear to be below the delineation point, so 
the waxy gel breaks adhesively between the gel and metal 
surface. Higher cooling rates could not be attained using the 
vane and cup geometry. Delineation point for a waxy oil of 
15 wt% gulf wax, 33 wt% kerosene, and wt% mineral oil has 
been measured using Couette geometry to be 7 °C/h, which 
is larger than cooling rates obtained here (Lee et al. 2008).

Fig. 4  Transient viscosity using isothermal steps to measure WAT 
under shear for 25% wax/LMO sample at 1  s−1

Fig. 5  WAT as a function of cooling rate from temperature ramp 
experiments under induced flow for 25% wax/LMO sample at shear 
rates 1 and 100  s−1
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Concentration effects on WAT under flow

Building upon WAT measurements for a 25 wt% paraffin 
wax in mineral oil, correlations between WAT and wax con-
centration were explored. Temperature ramp experiments for 
wax concentration from 5 to 50 wt% found that concentra-
tion more dramatically changes WAT than shear rate. On 
one hand, by increasing concentration from 5 to 50 wt%, 
WAT increased more than 20 °C (see Supporting informa-
tion). On the other hand, decreasing shear rate from 1000 to 
1  s−1 at a constant temperature gradient increased WAT up to 
2 °C. Thus, changing wax concentration from 10 to 15 wt% 
gave a 4 °C change in WAT that increasing shear rate from 
1 to 1000  s−1 did not achieve. Therefore, wax concentration 
is more important in determining WAT than shear rate in 
waxy mineral oil. Strong concentration-dependent rheologi-
cal properties are common in particulate systems, which will 
be discussed more in this section.

Steady-state flow experiments were done for all wax con-
centrations at 5 °C below the WAT. Although all waxy oil 
mixtures showed shear thinning 5 °C below the WAT, the 
extent of shear thinning varied at different wax concentra-
tions. At 5 and 10 wt% wax content, viscosity decreased by 
2 orders of magnitude upon increasing shear rate from 1 to 
1000  s−1. However, for 15, 25, 35 wt% wax content, viscos-
ity decreased by 5 orders of magnitude by increasing the 
shear rate from 1 to 1000  s−1 (see Supporting information).

Analyzing the non-Newtonian behavior, shear thinning 
was modeled using a power law or Ostwald de Maele model 
following the expression: 𝜂 = k�̇�n−1 , where � = viscosity 
(Pa∙s), k = consistency,�̇� = shear rate  (s−1), n = power law 
index. Both power law parameters varied with wax concen-
tration (Table 1). R-squared values ranged from 0.96 to 0.99, 
so the model fits the rheological response well. On one hand, 
the consistency parameter k generally increased with wax 
concentration. Since the k parameter is indicative of viscos-
ity, an increasing k with wax concentration was expected. On 
the other hand, the power law index (n) generally decreases 
with increasing wax content. Power law index is close to 
zero, which is commonly observed in shear banding sys-
tems, such as wormlike micelles (Hu and Lips 2005). Thus, 
discontinuities in velocity profiles analogous to shear bands 

may be relevant in waxy oils, which could serve as a topic 
for future work.

Viscosity at 5 °C above their WAT was almost constant 
with respect to shear rate and independent of wax concentra-
tion (Fig. 6). Conversely, at a constant shear rate, viscosity 
increased strongly with wax content after wax appearance, 
i.e., at 5 °C below the WAT. Viscosity increases with con-
centrations to the power of 1.5. Several equations have been 
proposed to correlate viscosity with concentration in sus-
pensions, such as Einstein equation for dilute solutions of 
spherical particles (Stickel and Powell 2005). The increase 
in viscosity in our experiments was much larger than vis-
cosities calculated by the Einstein equation; the wax con-
centrations were outside the dilute concentration regime and 
may not generate spherical wax particles. Also, the strongly 
shear-thinning nature of the waxy mixtures requires report-
ing viscosity at more than one shear rate to correlate with 
concentration. In another system at higher concentrations, 
the effect of solid concentration in biomass slurries showed 
increased with concentration to the power of 2.45, which is 
similar to our findings for waxes (Cruz 2013).

WAT under static conditions

Static conditions were studied using visual and thermal tech-
niques. WAT at static condition will be compared with WAT 
under flow.

Visual observations of phase change behavior of waxy/
light oil samples were determined using a temperature-
controlled water bath. Lower wax concentrations showed a 
larger gap between cloud point and pour point temperatures 

Table 1  Summary of power 
law index for shear thinning 
behavior of waxy oil samples at 
5 °C below WAT 

Wax content 
(wt%)

k n

5 0.70 0.52
10 1.3 0.42
15 17 0.01
25 16 0.010
35 44 0.

−

00

100 1700 0.
−

00
Fig. 6  Viscosity of LMO/wax samples at 5 °C below WAT and shear 
rate of 10  s−1 with cooling rate of 0.2 °C/min
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than higher concentrations. Differences between cloud point 
and pour point decreased with wax concentration. No cloud 
point was observed in the solution with 50% wax; rather, 
the sample suddenly underwent a phase change from liquid 
to solid at 50 °C (Fig. 7). Smaller gaps between cloud point 
and pour point temperatures may result from the mixtures 
reaching solid–liquid equilibrium very quickly (Dantas Neto 
et al. 2009).

Using DSC, thermal investigation of the WAT was 
achieved by identifying the onset temperature in the exother-
mic curve. Enthalpy increased as wax content increased. Wax 
appearance is an exothermic process and the amount of heat 
released as a result of wax appearance is dependent on carbon 
content and corresponds to wax concentration, which agrees 
with other studies (Alcazar-Vara and Buenrostro-Gonzalez 
2011; Hansen et al. 1991).

Wax appearance temperatures measured using DSC were 
lower than water bath experiments by 4 to 5 °C. A higher 
cooling rate (10 °C/min) was used following ASTM D4419-
90 (Chala et al. 2018), for DSC measurements, while water 
bath experiments employed a significantly lower cooling 
rate of 1 °C/h. Cooling rate affects wax crystallization and 
growth. At lower cooling rates, the growth stage of crystal-
lization could be more important than nucleation and lead 
to higher WATs (Japper-Jaafar et al. 2016a).

WATs were determined for all wax concentrations using 
temperature ramps of 10 °C/min and a shear rate of 1000  s−1. 
Results are in a good agreement (within 0.8 °C) with DSC, 
with cooling rate of 10 °C/min, which verifies that cooling 

rate has a stronger effect on creating solid wax particles than 
shear rate (see Supporting information).

Conclusions

Wax appearance temperatures in a two-component system of 
mineral oil and paraffin wax were quantified as a function of 
shear rate, cooling rate, and wax concentration. Wax concen-
tration had the largest impact on WAT. When increasing wax 
concentration from 5 to 50% wt, WAT increased by 20 °C. 
Strong dependency of solution’s viscosity to concentration 
of solid particles scaled as a power law, similar to other sys-
tems. Additionally, shearing waxy oils from 1 to 1000  s−1 
decreases WAT about 2 °C. High shear rate does not allow 
particles to be in contact with each other for long periods of 
time and form bigger clusters. Increasing shear rate from 0 
to 1000  s−1 lowered yield stress from about 416 to 8 Pa. So, 
waxy solids formed at higher shear rates break easier, which 
could translate to easier pipeline flow restart. Also, increas-
ing cooling rate from 0.2 to 10 °C/min, results up to 4.4 °C 
decrease in WAT and increasing yield stress. Decrease in 
WAT might be because of presence of large-sized wax par-
ticles, which more readily form at lower cooling rates; cool-
ing rate can be different based on reservoir, environment 
temperature, and pipe diameter (Singh et al. 1999). Overall, 
these findings would recommend that maintaining higher 
shear rates in pipelines transporting waxy crude oil could 
improve flow assurance.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00397- 021- 01284-2.
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