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This study investigates the low-temperature rheological behavior and wax deposi-
tion tendency of high-paraffin blended crude oil in order to improve flow stability during 
pipeline transportation. The results show that decreasing temperature leads to a signifi-
cant increase in yield stress and effective viscosity, indicating the formation of a struc-
tured paraffin network responsible for reduced flowability. Comparative analysis demon-
strated that the Herschel–Bulkley model most accurately describes the non-Newtonian 
behavior of the system (R² = 0.995). Strong correlations between pour point, yield stress, 
and consistency index confirm the structural origin of flow resistance and highlight the 
role of crystallization processes in determining rheological properties.

Chemical treatment significantly weakened intermolecular interactions within the 
paraffin–resin–asphaltene system, reduced wax deposition tendency, and improved flow 
characteristics. Among the investigated formulations, the composite additive (DHC) ex-
hibited the highest efficiency, promoting partial transition toward near-Newtonian behav-
ior and enhanced low-temperature mobility. The results demonstrate that composite 
chemical additives provide an effective approach for controlling structure formation and 
improving transportation properties of high-paraffin crude oils.
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Introduction

The structural behavior of high-paraffin blend-
ed crude oils is governed by the combined effects of 
paraffin, asphaltene, and resin components, which 
together form a complex and continuously evolving 
system. As temperature decreases or shear rate is 
reduced, paraffin crystals begin to precipitate and 
gradually interconnect, leading to the formation of 
spatial network structures within the oil. As a result, 
the rheological behavior deviates from Newtonian 
flow: the linear relationship between shear stress 
and shear rate is lost, a yield stress (τ₀) emerges, and 
the effective viscosity increases sharply1,2.

High concentrations of asphaltenes and resins 
further intensify this behavior by forming stable ad-
sorption layers around paraffin crystals, thereby re-
inforcing the internal structural network. Strong in-
termolecular interactions between the dispersed 
phase and the surrounding medium accelerate the 
transition of the system toward a gel-like state. Un-
der flow conditions, this structural arrangement re-
sults in pronounced resistance to deformation, while 

upon cessation of shear, the structure may partially 
or fully recover, reflecting the time-dependent na-
ture of the system. In current production and trans-
portation practices, the significance of these phe-
nomena has increased due to the declining 
availability of light crude oils and the growing pro-
duction of heavy and high-paraffin crudes3. During 
pipeline transportation, disturbances in thermal and 
hydrodynamic conditions frequently promote paraf-
fin deposition, increase hydraulic resistance, and 
reduce flow stability. These effects ultimately lead 
to decreased transportation efficiency, higher ener-
gy demand, reduced pipeline throughput, and di-
minished operational reliability4–7. The complexity 
is further amplified when multiple crude oils are 
blended. Studies indicate that the composition of 
crude oil produced from one well differs from that 
of another well within the same reservoir, and even 
successive productions from the same well are not 
compositionally identical. Consequently, the blend-
ing of high-paraffin crudes with differing composi-
tions more strongly manifests in variations in rheo-
logical behavior, flow rates, and the tendency 
toward structure formation. Considering that crudes 
of different compositions are typically collected in 
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storage tanks after treatment prior to transportation, 
the occurrence of such mixing-induced complexi-
ties becomes nearly unavoidable8–12. For these rea-
sons, a detailed investigation of the rheological 
properties of high-paraffin crude oils, improved un-
derstanding of structure formation mechanisms, and 
the development of effective physicochemical flow 
control strategies are essential to ensure the safe 
and efficient operation of pipeline transportation 
systems13–16.

Rheological models

High-paraffin oils can be regarded as structur-
ally sensitive dispersed systems whose flow behav-
ior is strongly influenced by temperature and shear 
conditions. Under such circumstances, the forma-
tion of paraffin-based structural network frame-
works leads to non-Newtonian flow behavior and a 
significant increase in viscosity17–19.

The aggregation of paraffin crystals, together 
with their interactions with resin–asphaltene com-
ponents, enhances the mechanical strength of the 
internal structure and gives rise to yield stress. As a 
result, flow does not occur until a critical stress 
threshold is exceeded. This type of behavior is well 
described by the Bingham plastic model, which as-
sumes a finite yield stress followed by an approxi-
mately linear flow response once the structure is 
disrupted20–24.

At higher shear rates, the internal network pro-
gressively breaks down, leading to a reduction in 
flow resistance. In this regime, the flow behavior 
can be represented using the Power-law (Ostwald–
de Waele) model, which captures the shear-depen-
dent viscosity characteristic of pseudoplastic fluids 
but does not explicitly account for yield stress ef-
fects25–27.

For a more realistic description of high-paraffin 
blended oils, the Herschel–Bulkley model provides 
a more flexible and physically meaningful frame-
work. By incorporating both yield stress and non-
linear shear dependence, this model reflects the 
presence of paraffin-induced structural networks 
and their progressive destruction under shear, en-
abling a more accurate representation of the actual 
flow behavior of these systems28–31.

Research method

Research objects

For the experimental investigation, a high-par-
affin blended crude oil sample was prepared under 
laboratory conditions by blending crude oil samples 
collected from several wells of the Palchig–Pilpilasi 

oil field. The use of a blended crude oil allowed the 
reproducible evaluation of rheological and deposi-
tion behavior under controlled conditions. The 
physicochemical properties of the prepared oil sam-
ple are summarized in Table 1.

As observed from the table, the crude oil sam-
ple exhibits a high paraffin content. This character-
istic is a major factor contributing to the operational 
challenges encountered during its transportation.

For the purpose of the present study, two types 
of depressor additives were employed — Di-
fron-3971 and HY-154 reagents. The physicochem-
ical characteristics of both reagents are presented in 
Tables 2 and 3.

A composite formulation, conditionally desig-
nated as DHC, was prepared under laboratory con-
ditions for use in the experimental program. The 
composition of the formulation was as follows: Di-
fron-3971 (25 wt%), HY-154 (6 wt%), kerosene (55 
wt%), and xylene (14 wt%).

The components were mixed at ambient tem-
perature (20–22 °C) using mechanical stirring at 
2000 rpm for 10 min until a homogeneous solution 
was obtained. No additional surfactants or stabiliz-
ing agents were used. The prepared DHC composite 
was applied in rheological and wax-deposition ex-
periments at specified dosages. Prior to each exper-
iment, the formulation was gently homogenized to 
ensure uniform distribution of active components.

Experimental methods

Separation of paraffins, asphaltenes, and resins

The separation of paraffins, asphaltenes, and 
resins (SARA fractions) from crude oil was carried 
out according to standardized procedures based on 
GOST 11858 and GOST 11851, with methodologi-
cal approaches comparable to ASTM D2007 and IP 
143 fractionation methods.

Initially, 3–5 g of crude oil sample was mixed 
with n-heptane at a ratio of 1:40 (v/v) and kept for 
16 h to ensure complete precipitation of asphaltenes. 
The precipitated asphaltenes were separated by fil-
tration.

The remaining maltene fraction was subjected 
to adsorption chromatography for separation of res-
ins and paraffins. Desorption of resins was per-
formed using an alcohol-toluene mixture. The ob-
tained paraffin-containing solution was distilled to 
remove solvents and subsequently mixed with an 
acetone-toluene solution (35:65). The mixture was 
kept at –20 °C to induce paraffin crystallization. 
The precipitated paraffins were separated by vacu-
um filtration using a temperature-controlled cooling 
bath.
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The applied procedure ensures reproducible 
fractionation of structural components responsible 
for rheological behavior and wax deposition ten-
dency of paraffin-containing crude oils32–35.

Determination of kinematic viscosity

Kinematic viscosity was measured using an 
Unbeholden-type capillary viscometer in accor-
dance with GOST 33-2016. Temperature control 
was provided by a Labo Visco TV-2000 thermostat-
ic bath (Arnhem, Netherlands) with an accuracy of 
±0.1 °C.

Prior to measurements, the viscometers were 
thoroughly cleaned, dried, and filled with the test 
sample. The filled viscometer was placed in the 
thermostatic bath and equilibrated for 15 min to en-
sure thermal stability. The flow time of the liquid 

between two calibrated marks was then recorded. 
Each measurement was repeated 3–4 times, and the 
relative deviation between parallel measurements 
did not exceed 0.6 % 34–37.

Determination of effective viscosity and shear 
stress

Effective viscosity and shear stress were mea-
sured using a Brookfield rotational rheometer in ac-
cordance with GOST 1929-87. The measurements 
were conducted with a cylindrical MK-CC45 sys-
tem over a shear rate range of 5–120 s⁻¹, at tem-
peratures of 0, 5, 10, 15, and 20 °C. Temperature 
and shear rate were controlled by a dedicated pro-
gram (RHEO 2000, version 2.6). Each measure-
ment was repeated three times, and the relative de-
viation between parallel measurements did not 
exceed 1.5 % 34–39.

Inhibition of asphaltene–resin–paraffin deposits 
(cold finger method)

The inhibition of asphaltene–resin–paraffin de-
posits (ARPD) was investigated using the “cold fin-
ger” method in a specially designed apparatus. The 
experiment was performed in a 500 mL thermostat-
ic cylindrical vessel made of stainless steel. A 300 
mL oil sample was stirred magnetically and main-
tained at a given temperature. A cooled steel rod (3 
°C) was immersed into the oil while the bulk oil 
temperature was reduced from 60 °C to 20 °C at a 
controlled cooling rate of 0.5 °C min–1. Deposit for-
mation was allowed to proceed for 4 hours. After-
wards, the rod was removed, washed with 50 mL of 
acetone, and the deposits were mechanically cleaned 
off. Each experiment was performed in triplicate, 
and mean values were reported. The relative stan-
dard deviation between parallel measurements did 
not exceed 2.5 %. The mass of the deposits was 
measured, and the inhibition efficiency was calcu-
lated according to the following formula (GOST, 
1966; GOST, 1985)32,33:

	 ( ) 0

0
 % 100
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where, m0 is the mass of ARPD formed in the un-
treated oil (g), and m is the mass of ARPD formed 
in the oil treated with reagent.

Ta b l e  2 	– 	Physicochemical characteristics of the depressor 
additive Difron-3971

Indicator Value

Appearance, color Viscous yellow liquid, aromatic odor

Density (at 15 °C) 0.850 – 0.930 g cm–3

Pour point < 10 °C

Melting point 38 – 40 °C

Flash point (closed cup) > 60 °C

Solubility Soluble in hydrocarbon solvents, 
insoluble in water

Ta b l e  3 	– 	Physicochemical characteristics of the depressor 
additive HY-154

Indicator Value

Appearance Brown viscous liquid

Kinematic viscosity (at 100 °C) 150–250 mm² s–1

Total base number (TBN) 15–30 mg KOH g–1

Flash point (COC) ≥ 170 °C

Nitrogen content 1.1–1.3 wt.%

Density (at 20 °C) 0.89–0.94 g cm–3

Color (chromaticity, diluted) ≤ 7.0

Water content ≤ 0.10 wt.%

Ta b l e  1 	– 	Physicochemical properties of the high-paraffin blended crude oil sample

№ Indicator Value Test method

1 Density at 20 °C, kg m–3 901.0 ASTM D1298 / GOST 3900-85

2 Resin content, wt.% 4.3 GOST 11858-66

3 Asphaltene content, wt.% 0.18 ASTM D6560 / GOST 11858-66

4 Paraffin content, wt.% 15.2 GOST 11851-85
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Determination of pour point

The pour point was determined in accordance 
with GOST 20287-2023 and the corresponding reg-
ulatory documentation (RD-1982). Each measure-
ment was repeated three times, and the mean value 
was reported. The deviation between parallel mea-
surements did not exceed 1 °C 39.

Rheological modeling

The rheological behavior of the crude oil sam-
ples was analyzed using three widely accepted rhe-
ological models: the Bingham, Herschel–Bulkley, 
and Power-law models. These models were selected 
to compare linear, yield-stress-dependent, and non-
linear flow behaviors over the investigated shear-
rate range.

Bingham model

The Bingham model assumes the presence of a 
yield stress, below which no flow occurs, followed 
by linear viscous behavior. It is expressed as:

	 0 pKt = t + g 	 (2)

where τ is the shear stress (Pa), τ0 is the yield stress 
(Pa), Kp is the plastic viscosity (Pa sn), and g  is the 
shear rate (s⁻¹).

Herschel–Bulkley model

The Herschel–Bulkley model extends the Bing-
ham approach by accounting for nonlinear flow be-
havior after yielding and is given by:

	 0
nKt = t + g 	 (3)

where K is the consistency index (Pa sⁿ) and n is the 
flow behavior index. Values of n  <  1 indicate 
shear-thinning behavior, while n  >  1 corresponds to 
shear-thickening flow.

Power-law model

The Power-law model describes non-Newto-
nian flow without considering yield stress and is 
expressed as:

	 nKt = g 	 (4)

This model was applied to evaluate the extent 
of shear-dependent viscosity and to compare its pre-
dictive capability with yield-stress-based models.

Parameter estimation

Model parameters (τ0, mp, K, and n) were deter-
mined by nonlinear regression of the experimental 
shear stress–shear rate data obtained from rotational 
rheometry. The quality of the model fit was assessed 

by comparing correlation coefficients and the con-
sistency of predicted trends across the investigated 
temperature range.

Results and discussion

The formation and accumulation of solid de-
posits represent one of the most evident indicators 
of structural development in high-paraffin oil sys-
tems. Monitoring the mass of deposits over time 
makes it possible to assess the intensity of paraffin 
crystallization, crystal aggregation, and adhesion to 
solid surfaces, as well as to evaluate the effective-
ness of chemical reagents in inhibiting these pro-
cesses. For this purpose, a comparative analysis of 
deposit growth behavior was carried out at a tem-
perature of 30 °C for a reagent-free oil sample and 
for oil samples treated with different additives at 
various dosages. The results are presented in Fig. 1.

As observed in Fig. 1, the mass of solid depos-
its increased steadily with exposure time for all in-
vestigated systems, reflecting continuous paraffin 
crystallization and accumulation on the solid sur-
face. The reagent-free oil sample consistently ex-
hibited the highest deposit mass throughout the ex-
periment, confirming its strong tendency toward 
structural buildup and surface adhesion. This be-
havior is associated with unrestricted growth and 
aggregation of paraffin crystals, resulting in the for-
mation of a dense and structurally stable deposit 
layer.

The application of chemical reagents signifi-
cantly reduced deposit formation over the entire 
time range. Among the tested systems, the DHC 
composite at a dosage of 600 g t–1 demonstrated the 
strongest inhibitory effect compared to the individ-
ual depressor additives, leading to the lowest depos-
it masses at all time intervals. This indicates that the 
DHC formulation effectively disrupted paraffin 
crystallization and interactions between paraffin 
crystals, thereby suppressing both nucleation and 
subsequent deposit growth.

Difron-3971 and HY-154 also markedly re-
duced deposit formation relative to the reagent-free 
oil sample, with higher dosages exhibiting improved 
performance. The observed dose dependence sug-
gests that increasing reagent concentration enhances 
surface activity and strengthens the ability of addi-
tive molecules to interfere with paraffin crystal 
growth and aggregation. At the same time, the dif-
ferences observed between Difron-3971 and HY-
154 point to distinct interaction mechanisms with 
paraffin components, which may influence both de-
posit morphology and adhesion strength.

Despite the pronounced reduction in deposit 
mass, a gradual increase over time was still ob-
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served for samples with reduced deposition tenden-
cy, indicating that chemical additives slowed 
down—rather than completely prevented—structure 
formation. This observation is consistent with the 
previously discussed rheological results, where re-
duced yield stress and viscosity values reflected 
weakened but not fully eliminated structural net-
works. In this sense, the deposit mass can be re-
garded as a macroscopic manifestation of the same 
structural processes responsible for the non-Newto-
nian flow behavior of high-paraffin oil systems.

Experimental evidence confirms that chemical 
treatment provided an effective means of reducing 
deposit formation by modifying paraffin crystalliza-
tion dynamics, with the DHC composite exhibiting 
the highest efficiency under the investigated condi-

tions. Fig. 2 further supports these findings by pro-
viding a visual comparison of deposits formed on 
cold finger surfaces, clearly illustrating differences 
in the extent and morphology of solid-phase accu-
mulation associated with structure formation in the 
high-paraffin blended crude oil.

As seen in Fig. 2, the lowest wax deposition 
was observed after the application of the DHC com-
posite, confirming its superior efficiency in sup-
pressing structure formation in the high-paraffin 
system.

Since the primary challenge during the trans-
portation of high-paraffin oils is associated with 
flow behavior, further investigations were focused 
on the key rheological parameters governing flow41. 
Accordingly, the flow characteristics of the blended 
crude oil were examined in detail. The temperature 
dependence of the yield stress (τ₀) is presented in 
Fig. 3, highlighting the decisive role of thermal 
conditions and chemical treatment in controlling 
flow initiation in high-paraffin oil systems.

The results presented in Fig. 3 indicate that, for 
all investigated systems, the yield stress (τ₀) in-
creased markedly as temperature decreased, reflect-
ing the progressive development of a mechanically 
stable internal structure in high-paraffin oils. At 
higher temperatures, τ₀ values remained low or ap-
proached zero, indicating weak development or par-
tial disruption of the paraffin crystal network, which 
allowed the oil to flow with relatively low resis-
tance.

With decreasing temperature—particularly be-
low a certain critical temperature range—a sharp 
increase in yield stress was observed. This behavior 
can be attributed to intensive paraffin crystallization 
and the formation of an interconnected three-di-

F i g .  1  – Effect of different reagents and dosages on the mass of deposits as a function of time (T=30 °C)

F i g .  2 	–	 Visual appearance of deposits formed on the surface 
of metal probes during the experiment; (a) reagent-free system; 
(b) Difron-3971 at 600 g t–1; (c) HY-154 at 600 g t–1; (d) DHC 
composite at 600 g t–1
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F i g .  3 	–	 Temperature dependence of yield stress (τ₀) for high-paraffin crude oil under different reagent conditions: (a) reagent-free sample; 
(b) Difron-3971 (300 g t–1); (c) Difron-3971 (600 g t–1); (d) HY-154 (300 g t–1); (e) HY-154 (600 g t–1); (f) DHC (600 g t–1)
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F i g .  3 	–	 continued
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F i g .  4 	–	 Temperature dependence of apparent viscosity (η) of high-paraffin crude oil at fixed shear rates (γ. = 5 s⁻¹ and γ. = 10 s⁻¹) 
under different reagent conditions: (a) reagent-free sample; (b) Difron-3971 (300 g t–1); (c) Difron-3971 (600 g t–1); (d) 
HY-154 (300 g t–1); (e) HY-154 (600 g t–1); (f) DHC (600 g t–1)
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F i g .  4 	–	 continued
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F i g .  5 	–	 Temperature dependence of shear stress (τ) of high-paraffin crude oil at fixed shear rates (γ. = 5 s⁻¹ and γ. = 10 s⁻¹) under 
different reagent conditions: (a) reagent-free sample; (b) Difron-3971 (300 g t–1); (c) Difron-3971 (600 g t–1); (d) HY-154 
(300 g t–1); (e) HY-154 (600 g t–1); (f) DHC (600 g t–1)
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F i g .  5 	–	 continued
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mensional network within the oil. Such a network 
imparts solid-like characteristics to the system, 
meaning that a finite stress must be applied to initi-
ate flow. Accordingly, the rapid growth of τ₀ at low 
temperatures reflected a transition from a viscous 
liquid to a more structured, gel-like state.

The reagent-free oil exhibited the highest yield 
stress values over the entire temperature range, in-
dicating the strongest degree of structural reinforce-
ment. In contrast, the presence of chemical reagents 
significantly suppressed the increase in yield stress, 
demonstrating their ability to interfere with paraffin 
crystal aggregation and to weaken interactions be-
tween crystals. Among the tested chemical reagents, 
the DHC composite provided the most pronounced 
reduction in τ₀, indicating effective modification of 
the crystallization process and enhanced disruption 
of the internal structural framework.

The results shown in Fig. 3 clearly demonstrate 
the decisive roles of both temperature and chemical 
treatment in controlling yield stress and, conse-
quently, flow initiation in high-paraffin oil systems. 
These findings provide a solid basis for the subse-
quent analysis of plastic viscosity, apparent viscosi-
ty, and the flow behavior index.

The next stage of the study investigates the 
temperature-dependent variation of viscosity at 
fixed shear rates for high-paraffin oils under differ-
ent reagent conditions. The combined effects of 
thermal conditions and chemical additives on the 
internal structural organization of the system are 
presented in Fig. 4.

The results presented in Fig. 4 indicate that 
temperature played a dominant role in controlling 
the viscosity of high-paraffin oils, regardless of 
shear rate or the presence of chemical reagents. In 
the reagent-free sample, the high viscosity observed 
at low temperatures reflected the formation of a 
well-developed paraffin crystal network that strong-
ly restricts flow. As temperature increased, partial 
melting and progressive breakdown of this network 
occured, resulting in a pronounced reduction in vis-
cosity.

At both investigated shear rates, the apparent 
viscosity measured at γ. = 5 s⁻¹ remained consistently 
higher than that at γ. = 10 s⁻¹, confirming thixotropic 
behavior characteristic of non-Newtonian fluids. 
However, this difference gradually diminished at 
higher temperatures, indicating weakening of the 
internal structure and a progressive transition toward 
more Newtonian-like flow behavior.

The addition of chemical reagents led to a no-
ticeable reduction in apparent viscosity over the en-
tire temperature range. Among the tested additives, 
the DHC composite exhibited the strongest viscosi-
ty-reducing effect, indicating effective disruption of 

interactions between crystals and suppression of 
paraffin structure formation. Difron-3971 and HY-
154 also contributed to viscosity reduction, particu-
larly at higher dosages.

The obtained results support the applicability 
of the Herschel–Bulkley model for describing the 
rheological behavior of high-paraffin oils.

To further elucidate the flow characteristics, 
the temperature dependence of shear stress at differ-
ent shear rates was analyzed. Accordingly, the in-
vestigated high-paraffin blended crude oil was ex-
amined under reagent-free conditions and in the 
presence of various chemical additives, and the cor-
responding results are presented in Fig. 5.

As illustrated in the figure, temperature exerted 
a strong influence on the shear stress behavior of 
the high-paraffin blended crude oil under all inves-
tigated conditions. In the reagent-free system, the 
relatively high shear stress values observed at low 
temperatures—particularly at lower shear rates—in-
dicated the presence of a rigid paraffin crystal net-
work that provided significant resistance to defor-
mation.

The application of chemical reagents resulted 
in a pronounced reduction in shear stress across the 
entire temperature range. In particular, the DHC 
composite exhibited the lowest shear stress values, 
indicating the most effective suppression of struc-
ture formation and a corresponding improvement in 
flowability. The effects of Difron-3971 and HY-154 
on shear stress became more pronounced with in-
creasing dosage and demonstrated high efficiency; 
however, the DHC composite consistently showed 
superior performance compared to both individual 
depressor additives.

The combined influence of temperature and 
chemical additives clearly confirms their significant 
contribution to inhibiting solid paraffin structure 
formation. The observed rheological behavior fur-
ther supports the applicability of the Bingham and 
Herschel–Bulkley models for describing the flow 
behavior of high-paraffin oils.

Fig. 6 presents the results of plastic viscosity 
(Kₚ) measurements of the high-paraffin blended 
crude oil at different temperatures for both re-
agent-free and reagent-treated samples, clearly indi-
cating a gradual weakening of the internal structure 
with increasing temperature.

As observed in Fig. 6, for all investigated sys-
tems, the plastic viscosity (Kₚ) decreased steadily 
with increasing temperature, confirming that ther-
mal effects contributed to the breakdown of the par-
affin crystal network.

The application of chemical reagents led to a 
significant reduction in plastic viscosity across the 
entire temperature range. This effect was most pro-
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nounced for the DHC composite, which exhibited 
the lowest Kₚ values, indicating effective disruption 
of interactions between crystals and suppression of 
structure formation.

Nevertheless, one of the most critical challeng-
es associated with high-paraffin oils is their tenden-
cy to exhibit solidification behavior even at rela-
tively elevated temperatures, resulting in complete 

flow stoppage. In this context, the relationship be-
tween cooling rate and both the pour point tempera-
ture and kinematic viscosity of the high-paraffin oil 
was investigated. The results of this analysis are 
presented as graphical dependencies in Fig. 7.

Fig. 7 illustrates how the viscosity and pour 
point of the investigated high-paraffin oil sample 
varied solely as a function of cooling rate, in the 

F i g .  6 	–	 Effect of temperature on plastic viscosity (Kₚ) of high-paraffin crude oil for reagent-free samples 
and samples treated with Difron-3971, HY-154, and DHC at different dosages

F i g .  7 	–	 Relationship between cooling rate (V, °C min–1), pour point temperature, and kinematic viscosity of high-paraffin crude oil
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absence of any chemical additives. The obtained re-
sults demonstrate that the cooling rate exerted a de-
cisive influence on the low-temperature behavior of 
high-paraffin oils. At lower cooling rates, a pro-
nounced increase in kinematic viscosity was ob-
served together with an elevation of the pour point 
temperature. This behavior can be explained by in-
tensive growth and aggregation of paraffin crystals, 
which promoted the formation of a well-developed 
and mechanically stable crystalline network within 
the oil.

When the cooling rate exceeded a certain opti-
mal range, both the pour point temperature and the 
kinematic viscosity decreased. Under rapid cooling 
conditions, the time available for paraffin crystal 
growth, alignment, and interconnection is limited, 
leading to the formation of a finer and less intercon-
nected crystal structure. As a result, flow resistance 
reduced and low-temperature flowability improved.

The non-monotonic behavior observed for both 
pour point temperature and kinematic viscosity in-
dicated the existence of an optimal cooling rate at 
which the balance between crystal nucleation and 
growth provided the strongest structural reinforce-
ment. These findings highlight the close relation-
ship between thermal history and rheological re-
sponse and indicate that the pour point temperature 
can serve as an effective indirect indicator of struc-
tural rigidity and flow resistance in high-paraffin oil 
systems.

To further evaluate the adequacy of the rheo-
logical description of the investigated oil, a compar-
ative fitting analysis was performed using the Her-
schel–Bulkley, Bingham, and Power-law models. 
The corresponding correlation coefficients and good

ness-of-fit parameters for these models are summa-
rized in Table 4.

Table 4 provides a comparative assessment of 
the fitting performance of three rheological models 
applied to describe the flow behavior of the investi-
gated crude oil. The results clearly show that the 
Herschel–Bulkley model offered the best agreement 
with the experimental data, exhibiting the highest 
correlation coefficient (R² = 0.995). This indicates 
that the model was capable of capturing the essen-
tial rheological features of the system, particularly 
the presence of a yield stress (τ₀) and the nonlinear 
dependence of viscosity on shear rate.

The Bingham model demonstrated a moderate 
level of agreement with the experimental results (R² 
= 0.980). While this model accounted for the exis-
tence of a yield stress, its ability to describe 
shear-rate-dependent viscosity was limited. Conse-
quently, the Bingham model did not fully reflect the 
complex rheological behavior of crude oil systems 
that exhibited pronounced structural organization 
and shear-thinning characteristics.

Among the three models, the Power-law model 
showed the lowest degree of agreement with the ex-
perimental data (R² = 0.950). This reduced perfor-
mance can be attributed to the absence of a yield 
stress term in the model formulation. As a result, 
the Power-law model was less suitable for describ-
ing the structural development of crude oil at low 
temperatures and its resistance to flow initiation.

The results summarized in Table 4 confirm that 
the Herschel–Bulkley model, which simultaneously 
incorporated yield stress and shear-thinning behav-
ior, provided the most appropriate framework for 

Ta b l e  4 	–	Comparative analysis of the goodness-of-fit indicators of different rheological models for crude oil (temperature range: 
0–20 °C, reagent-free sample)

Model Parameters R² Remark

Herschel–Bulkley τ₀, K, n 0.995 Best fit

Bingham τ₀, Kₚ 0.980 Moderate fit

Power-law K, n 0.950 Yield stress not considered

Ta b l e  5 	– 	Temperature dependence of the flow behavior index (n) under the effect of different reagents and compositions

System / Additive Dosage, g t–1 n (20 °C) n (10 °C) n (0 °C) Remark

Reagent-free – 0.55 0.50 0.45 Very strong shear-thinning

Difron-3971 300 0.69 0.63 0.60 Strong shear-thinning

Difron-3971 600 0.73 0.67 0.63 Strong shear-thinning

HY-154 300 0.75 0.70 0.68 Moderate shear-thinning

HY-154 600 0.78 0.72 0.70 Moderate shear-thinning

DHC composite 600 0.92 0.88 0.85 Nearly Newtonian



A. V. Gasimzade and V. Kh. Nurullayev, Low-Temperature Rheological Behavior…, Chem. Biochem. Eng. Q., 40 (2) 75–94 (2026)	 89

modeling the rheological properties of the studied 
crude oil.

To further characterize the rheological response 
of the crude oil dispersion system under reagent-free 
conditions, as well as in the presence of individual 
reagents and the composite formulation, the tem-
perature dependence of the flow behavior index (n) 
was analyzed. The corresponding values of the flow 
behavior index for the untreated oil, reagent-treated 
samples, and the composite at different tempera-
tures are presented in Table 5.

Table 5 presents a comparative analysis of the 
temperature-dependent variation of the flow behav-
ior index for crude oil under reagent-free condi-
tions, in the presence of individual reagents, and 
after treatment with the composite formulation. For 
the reagent-free crude oil, flow behavior index val-
ues below 0.5 across the entire temperature range 
indicated a very strong shear-thinning character and 
pronounced non-Newtonian behavior of the disper-
sion system. As temperature decreased, the flow be-
havior index further declined, reflecting an increase 
in structural organization within the oil and a corre-
sponding rise in internal resistance during flow.

When the Difron-3971 reagent was applied, the 
flow behavior index showed a clear dependence on 
both temperature and reagent dosage. This effect 
can be attributed to the weakening of ARPD-related 
interactions and partial suppression of structure for-
mation. However, since the flow behavior index re-
mained below 0.7, the system still exhibited strong 
shear-thinning behavior, indicating that structural 
elements were reduced but not completely eliminated.

In the case of the HY-154 reagent, higher val-
ues of the flow behavior index were obtained, and 
no sharp decrease wass observed even at lower tem-
peratures. This suggested that HY-154 not only de-
stabilized structural aggregates within the crude oil 
system but also contributed to a more stable rheo-
logical response. Overall, the results indicated that 
HY-154 induced a moderate shear-thinning behav-
ior and improved flow stability over the investigat-
ed temperature range.

At the maximum dosage of the DHC compos-
ite, the flow behavior index varied between 0.85 
and 0.92, depending on temperature, indicating that 
the crude oil system approached near Newtonian 
flow behavior. The composite effectively inhibited 
structural organization, limited the formation of gel-
like networks, and significantly weakened the abili-
ty of ARPD aggregates to form stable structures.

The flow behavior index serves as a quantita-
tive indicator of the influence of chemical reagents 
and composite formulations on the degree of struc-
tural organization in crude oil systems. An increase 
in the flow behavior index reflects a reduction in 
non-Newtonian effects and improved flow stability, 

which is particularly important for facilitating crude 
oil transportation under low-temperature conditions.

In addition, the variation in the relationship be-
tween shear stress and shear rate during upward and 
downward shear sweeps is presented in Fig. 8. 
These curves enable a comparative evaluation of 
the rheological behavior of the crude oil under re-
agent-free conditions and after treatment with the 
composite at a dosage of 600 g t–1, with particular 
emphasis on structure formation under shear and 
subsequent structural recovery. This approach, often 
referred to in the literature as the “golden triangle,” 
characterizes low-temperature crude oil flow behav-
ior and provides a mechanistic interpretation of the 
interrelationship among key rheological parameters, 
namely pour point, yield stress (τ₀), and effective 
viscosity. The upward and downward shear stress 
curves obtained at different shear rates demonstrate 
that these parameters vary in a correlated manner 
and are directly governed by the degree of structur-
al organization within the system. Within the frame-
work of the “golden triangle” concept, the present-
ed results visually and quantitatively confirm the 
structure-weakening effect of the composite and the 
resulting improvement in low-temperature crude oil 
flowability.

Fig. 8 illustrates the dependence of shear stress 
on shear rate during both increasing (τ-up) and de-
creasing (τ-down) shear conditions. The observed 
deviation between the upward and downward flow 
curves indicated the presence of rheological hyster-
esis, which reflects time-dependent structural re
arrangement processes within the crude oil disper-
sion system.

During the increase in shear rate, partial disrup-
tion of paraffin–asphaltene–resin aggregates occurred, 
whereas upon decreasing shear rate the structure did 
not fully recover within the experimental time scale. 
This behavior indicated structural sensitivity of the 
system to mechanical loading and confirmed the 
non-Newtonian character of the studied crude oil.

Fig. 8a demonstrates a noticeable separation 
between the τ-up and τ-down curves, indicating the 
presence of a hysteresis loop associated with 
time-dependent structural rearrangement of the par-
affin–resin–asphaltene network. As shear rate in-
creases, structural aggregates were progressively 
disrupted and partially oriented along the flow di-
rection. When the shear rate decreased, the initial 
structure was not fully restored immediately, result-
ing in lower shear stress values along the τ-down 
curve. This behavior indicated the presence of 
structural relaxation processes typical for paraf-
fin-containing dispersed systems and suggested lim-
ited structural reversibility within the experimental 
timeframe.
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The presence of hysteresis indicated that the 
rheological response of the crude oil was influenced 
not only by instantaneous shear conditions but also 
by the previous deformation history. Such behavior 
is commonly associated with structured dispersions 
containing wax crystals and asphaltene aggregates, 
where intermolecular interactions and crystal net-
working govern resistance to deformation.

In contrast, Fig. 8b shows a significantly small-
er difference between τ-up and τ-down curves after 
treatment with the composite additive. The reduced 
hysteresis loop indicates weakening of intermolecu-
lar interactions and partial disruption of the paraf-

fin–resin–asphaltene network structure. As a result, 
structural rearrangement occurred more rapidly and 
resistance to deformation decreased, leading to im-
proved flow behavior. The reduced hysteresis sug-
gests that the composite additive limited formation 
of stable structural networks and promoted a more 
homogeneous dispersion state.

The decrease in hysteresis area after treatment 
indicates suppression of structure-forming interac-
tions responsible for increased flow resistance at 
low temperatures, confirming the effectiveness of 
the composite additive in modifying the rheological 
behavior of the crude oil system.

F i g .  8 	–	 Shear stress versus shear rate curves illustrating hysteresis behavior for: 
(a) reagent-free high-paraffin crude oil; (b) crude oil treated with the 
DHC composite
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Rheological parameters obtained using the 
Herschel–Bulkley model made it possible to evalu-
ate the degree of structural organization, the forma-
tion of gel-like networks, and the influence of tem-
perature on these structures. From this perspective, 
examining correlations between the pour point and 
the parameters τ₀ and K, offered deeper insight into 
the mechanisms governing low-temperature flow 
behavior. The presence of clear and strong linear re-
lationships between the pour point and both yield 
stress (τ₀) and consistency index (K) is illustrated in 
Fig. 9. Rheological parameters obtained using the 
Herschel–Bulkley model provide insight into the 
structural organization of highly paraffinic crude oil 
systems, including the formation of gel-like net-
works and the temperature sensitivity of these struc-
tures. In this context, correlations between pour 
point and the rheological parameters yield stress (τ₀) 
and consistency index (K) allowed deeper interpre-
tation of low-temperature flow behavior.

As illustrated in Fig. 9, strong linear relation-
ships exist between pour point, yield stress, and 
consistency index, forming a characteristic “golden 
triangle” of low-temperature rheology. This rela-
tionship reflects the coupled evolution of crystalli-
zation temperature, structural strength, and resis-
tance to flow, which together control the 
transportability of paraffin-rich crude oils under 
cooling conditions.

The first graph (Fig. 9a) demonstrates a strong 
proportional relationship between yield stress (τ₀) 
and pour point, with a high correlation coefficient 
(R² = 0.9389). The increase in pour point corre-
sponds to higher resistance required to initiate flow, 
indicating progressive strengthening of the internal 
structure. This behavior is associated with intensi-
fied paraffin crystallization and enhanced interaction 
between asphaltene–resin components, leading to 
formation of a mechanically stable spatial network.

The second graph (Fig. 9b) shows a strong lin-
ear correlation between the consistency index (K) 
and pour point (R² = 0.986). Higher pour point val-
ues correspond to increased effective viscosity and 
stronger resistance to deformation. This trend con-
firms that structural aggregates formed at lower 
temperatures exhibit pronounced gel-like behavior, 
increasing the energy required to sustain flow.

The third graph (Fig. 9c) presents a strong pos-
itive relationship between consistency index (K) 
and yield stress (τ₀), characterized by R² = 0.9651. 
The close agreement between these parameters in-
dicates that both describe the same structural trans-
formation process associated with paraffin crystal 
network development. Their simultaneous increase 
confirms that rheological resistance and structural 
strength evolve together as temperature decreases.

Taken together, these relationships form the so-
called golden triangle of low-temperature rheology, 

linking crystallization behavior (pour point) with 
mechanical strength (yield stress) and flow resis-
tance (consistency index). The triangular correlation 
confirms that the deterioration of flow properties in 
highly paraffinic oils is governed by a unified struc-
tural mechanism involving progressive formation of 
interconnected paraffin–resin–asphaltene networks.

The high correlation coefficients (R² = 0.94–
0.99) indicate strong consistency between rheologi-
cal parameters derived from the Herschel–Bulkley 
model. Such agreement is expected for paraffin-con-
taining crude oils, where crystallization processes 
simultaneously influence yield stress and viscosi-
ty-related parameters.

The results demonstrate that the pour point is a 
key parameter controlling the rheological behavior 
of crude oil at low temperatures. An increase in 
pour point leads to a proportional rise in both yield 
stress and consistency index, reflecting enhanced 
structural organization and reduced flowability. 
These correlations provide a reliable basis for eval-
uating the effectiveness of chemical reagents and 
composite formulations designed to improve the 
low-temperature flow properties of crude oil.

The superior performance of the DHC compos-
ite relative to the individual depressor additives Di-
fron-3971 and HY-154 can be attributed to the syn-
ergistic interaction between its constituent 
components and their combined effect on the paraf-
fin crystallization process.

Difron-3971 is a polymeric depressor additive 
whose active molecules contain alkyl side chains 
capable of co-crystallizing with paraffin wax. By 
incorporating into the growing paraffin crystal lattice, 
Difron-3971 disrupts the regular crystal structure, 
reduces the size of paraffin crystals, and inhibits 
their aggregation into three-dimensional networks. 
This mechanism lowers both the pour point and 
yield stress of the crude oil system.

HY-154 is a nitrogen-containing dispersant with 
a high total base number (TBN = 15–30 mg KOH/g), 
which imparts surface-active properties to the addi-
tive. Its polar nitrogen-containing functional groups 
adsorb onto the surface of paraffin crystals and as-
phaltene aggregates, forming a steric barrier that 
prevents crystal–crystal interactions and inhibits the 
growth of the paraffin–resin–asphaltene network. 
This mechanism is complementary to that of 
Difron-3971 and contributes to the stabilization of 
the dispersion system at low temperatures.

The solvent components of the DHC formula-
tion — kerosene (55 wt.%) and xylene (14 wt.%) — 
serve a dual function. Firstly, they ensure uniform 
distribution and enhanced penetration of the active 
components into the crude oil matrix. Secondly, ar-
omatic solvents such as xylene are known to 
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F i g .  9 	–	 Golden triangle relationship between pour point, yield stress (τ₀), and consistency index (K) for highly paraffinic crude oil, 
illustrating the coupled evolution of crystallization temperature, structural strength, and flow resistance

disperse asphaltene aggregates and reduce their ten-
dency to associate with paraffin crystals, thereby 
further weakening the internal structural network.

The synergistic combination of these mecha-
nisms — crystal lattice disruption by Difron-3971, 
steric stabilization by HY-154, and asphaltene dis-
persion by the aromatic solvent — results in a more 
comprehensive and effective suppression of struc-
ture formation compared to either additive applied 
individually. Consequently, the DHC composite 
achieves a substantially higher flow behavior index 
(n = 0.85–0.92), lower yield stress, and reduced 
wax deposition tendency, confirming its superior ef-
ficiency in improving the low-temperature trans-
portability of high-paraffin crude oils.

(a) (b)

(c)

Conclusions

Comprehensive quantitative rheological analy-
sis unequivocally demonstrates the dominant role of 
temperature in governing structural strength and 
flow behavior in high-paraffin oil systems. A pro-
nounced increase in yield stress (τ₀), apparent vis-
cosity, and plastic viscosity was observed with de-
creasing temperature, while the flow behavior index 
(n) declined to values below 0.5 for the reagent-free 
system, indicating extreme shear-thinning and 
strongly non-Newtonian behavior. The strong statis-
tical correlations established between pour point 
temperature and key rheological parameters (R² up 
to 0.94 for τ₀ and 0.99 for the consistency index K) 
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confirm that pour point serves as a reliable indirect 
indicator of internal structural rigidity and resis-
tance to flow at low temperatures.

Model comparison clearly establishes the Her-
schel–Bulkley formulation as the most physically 
and statistically appropriate framework for describ-
ing the rheological behavior of high-paraffin oils. 
The superior agreement between experimental and 
modelled data (R² = 0.995), relative to the Bingham 
(R² = 0.980) and Power-law (R² = 0.950) models, 
highlights the necessity of simultaneously account-
ing for both yield stress and nonlinear shear depen-
dence. This finding is particularly critical for accu-
rately capturing flow initiation and structural break- 
down phenomena under low-temperature transport 
conditions.

Chemical modification was shown to be highly 
effective in mitigating structure formation and im-
proving low-temperature flow performance. Appli-
cation of the DHC composite resulted in a substantial 
increase in the flow behavior index (n = 0.85–0.92), 
reflecting a clear transition toward near-Newtonian 
flow, accompanied by significant reductions in yield 
stress and rheological hysteresis. Independent con-
firmation from deposit mass measurements and 
shear stress–shear rate hysteresis analyses demon-
strates that chemical treatment suppresses paraf-
fin-induced network formation, weakens gel-like 
structures, and markedly reduces resistance to flow 
initiation. Collectively, these results confirm that 
composite chemical formulations represent a robust 
and efficient strategy for enhancing the transport-
ability and operational reliability of high-paraffin 
oil systems under low-temperature conditions.
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