N

N
N

HAL

open science

Robust Wax Deposition Modeling Incorporating
Non-Newtonian Characteristics

Lugman Hakim Ahmad Mahir, Khalid Mateen, Marine Dupoiron, Myriam

Darbouret, Thierry Palermo

» To cite this version:

Lugman Hakim Ahmad Mabhir, Khalid Mateen, Marine Dupoiron, Myriam Darbouret, Thierry
Palermo. Robust Wax Deposition Modeling Incorporating Non-Newtonian Characteristics. Energy &

Fuels, 2022, 36 (19), pp.11798-11807. 10.1021/acs.energyfuels.2c01900 . hal-03945129

HAL Id: hal-03945129
https://ifp.hal.science/hal-03945129
Submitted on 18 Jan 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://ifp.hal.science/hal-03945129
https://hal.archives-ouvertes.fr

oNOYTULT D WN =

Robust Wax Deposition Modeling Incorporating Non-Newtonian Characteristics

Lugman Hakim Ahmad Mahir?, Khalid Mateen', Marine Dupoiron2, Myriam Darbouret?,
Thierry Palermo?®’

"TotalEnergies E&P, 1201 Louisiana St. Suite 1800, Houston, Texas 77002, United States
2IFP Energies Nouvelles, Rond-point de I'échangeur de Solaize, 69360 Solaize, France

3TotalEnergies E&P, Avenue Larribau, 64018 Pau Cedex, France

* Corresponding Author

Abstract

Wax deposition in sub-sea flowlines during oil production is a well-known problem
attributed to the formation of wax crystal induced by ambient cooling. Due to the non-
Newtonian characteristics of waxy oil below its wax appearance temperature, the
deposit growth can be modeled as a gelation process resulting from the accumulation of
wax crystal in the boundary layer which increases the dynamic yield stress leading to
the arrest of flow near the wall or gel-fluid interface. In the present study, two modeling
approaches were used to match the single-phase turbulent flow wax deposition tests
carried out in a 2” flow loop at various conditions. The deposit thickness and wax
content evolution with time obtained in the flow loop tests were matched with the
models’ simulations. Compared to conventional diffusion approach, which assumes a
constant wax content in the depositing layer, the non-Newtonian approach can capture
the time varied experimental deposit thickness and wax content both at early and late
times. It was also found that assuming fast precipitation kinetics, a typical assumption
imposed in these models was found to yield good agreement with the data in all of the

tests when employing the non-Newtonian approach.
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Introduction

Paraffin or wax fouling is a well-acquainted problem during crude oil production arising
from paraffin crystallization triggered by temperature drop during sub-sea oil transport.
In cases where wax deposition is inevitable, an estimate of the rate of deposition which
relies on mathematical modeling of the deposition physics is invaluable in planning

optimal remediation practices.

Numerous mechanisms governing the deposition process have been suggested in the
past such as molecular diffusion, thermal driven deposition, shear dispersion, Brownian
diffusion, shear stripping, and gravitational settling. For deposition under flow, only
molecular diffusion and thermal driven deposition are regarded as primary mechanisms

observed at the lab scale.

Thermal drive deposition is a scenario where the deposit growth rate is governed
primarily by the rate of heat transfer. Mehrotra et al. considers the process as a moving
boundary problem involving the liquid-solid phase transformation'-+. Mahir et al.
describes the process as the gelation of oil due to the ability of the local fluid to resist
flow due to the presence of wax crystals which confers it a yield stress®6. Under the so-
called heat transfer-controlled growth, the deposit contains the same composition as the

oil due to the process being akin to freezing.

Molecular diffusion has long been regarded as the primary contributor to the formation

and growth of wax deposit in the field. Earlier approaches were developed by various
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authors such as Burger et al., Rygg, Rydahl and Ronningsen et al. and Singh et al.
which employ a 1-D mass balance utilizing the Fickian diffusion equation’2. In this
approach, the deposition rate, in terms of the growth of the thickness, is governed by
the diffusive flux as well as the concentration of wax crystal assumed in the depositing
layer. Typically, this wax crystal concentration is set to be a constant or tuned to match

experimental data.

The Classical Approach to Modeling Molecular Diffusion Growth

Molecular diffusion of wax molecules arises from the creation of a concentration
gradient triggered by the change in wax solubility from the bulk to the wall due to
temperature differences. Since the first work by Burger et al., the deposit growth rate
has been more or less based on the diffusive flux of soluble wax at the wall or moving

gel-fluid interface?®:

déd ac
pd)ia =Jto interface = Dwoa i (1 )

where ¢; is the solid wax fraction in the depositing layer. Later work by Singh et al.
incorporated a term to account for the diffusion in the gel due its porosity which allows
internal diffusion to take place leading to the phenomenon referred to as deposit
aging”'%. Figure 1 is a cartoon depicting the simultaneous occurrence of this so-called

external and internal diffusion.
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Depositing Layer

Wax
Molecules

Figure 1: The net diffusion of wax molecules results in the accumulation of solid wax and deposit growth.

The solid wax concentration in the depositing layer increases with time due to the
diffusion towards the deposit-oil interface is higher in magnitude than the diffusion into
the deposit due to decreasing diffusivity and decreasing concentration driving force
going from the bulk to the wall. The deposit growth rate in this scenario can be modelled

by Equation (2).

dé ac ac
quia =Jto interface — Jinto deposit = Dwoﬁ’i+ - Deffa

(2)

-
where Dgg is the wax diffusivity in the porous wax deposit which is usually modelled
using a combination of the Hayduk-Minhas correlation and Cussler equation''-12. ¢, in
Equations (1) and (2) is usually taken to be a constant that is chosen arbitrarily or tuned
to experimental observation. In the model by Singh, either the average total wax content
in the current deposit (for thin deposits)” or the total wax content in the layer just behind

the gel-liquid interface (for thick deposits)'? is used instead.
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Accounting for non-Newtonian Characteristics in Molecular Diffusion Growth
An approach was developed by Benallal et al. and later further improved upon by Zheng
et al. to consider the non-Newtonian characteristic of wax oil in single-phase flow
deposition calculation’®-15. The idea is that waxy oil exhibits yield stress when wax
crystals are present, which could arrest flow when the flow shear stress is unable to
overcome the yield stress. Local yield stress gradually increases over time with the
increase in the wax crystal concentration resulted from waxes that diffuse, precipitate,
and accumulate locally. Eventually, the local yield stress grows to a point where the
shear stress imposed by the flow becomes unable to overcome it, leading to the
formation of a gel. Benallal et al. employ the Bingham plastic constitutive equation in a
laminar flow case while Zheng et al. use the Herschel-Bulkley constitutive equation in

both laminar and turbulent flow cases.
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Under flow conditions where the initial local yield stress near the wall is already much
higher than the shear stress imposed by the flow, the deposit growth is expected to be
thermal driven as has been seen in some studies. On the other hand, the deposit
growth rate would be mass transfer driven when the concentration of solid required for
gelation to take place is much higher than the concentration in the existing oil, such as
in situations where the oil has low solid wax content or the flow shear stress is relatively

high, both of which are typical in field cases®®.

In terms of mathematical modeling, the solid wax crystal content in the depositing layer
¢; in Equation (5) is no longer ambiguous but is governed by the momentum balance
involving the yielding behavior of the waxy oil layer. Zheng and co-workers described

the mathematical implementation in full detail415.

The objective of this work was to assess and compare the predictive performances of
the non-Newtonian approach and the conventional diffusion approach to modeling wax
deposition. The lack of rheological characterization in published data on wax deposition
made it impossible to reasonably apply the non-Newtonian model to run simulations of
previously published deposition data. Consequently, a thorough flow loop experiments
that were accompanied by a thorough rheological characterization of the fluid used was
conducted in this work where the results can be compared in a fair manner to the model

simulation.

Experimental Section
Materials

A viscous crude oil with a wax appearance temperature of 26.6°C was used in this
study. Figure 2 shows the oil precipitation curve measured through differential scanning
calorimetry.
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Figure 2: Wax precipitation curve for the crude oil used in this study.
Non-Newtonian Characterization

To obtain yield stress as a function of solid wax fraction, rheological characterization
experiments were conducted using a DHR3 (TA Instruments) controlled-stress
rotational rheometer. Crude oil samples were first heated up to 60°C then subjected to a
temperature ramp down during which they were cooled under a constant shear rate
down to a final temperature of 0°C. The cooling rate was kept at -1°C/min. Figure 3
shows the apparent viscosity obtained from this protocol at constant shear rates of 100,

200, 500 and 600 s™'.
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Figure 3: Apparent viscosity of the crude oil used in this study as a function temperature when subjected to cooling at
-1°C/min under various constant shear rates.

To utilize the data from Figure 3 in the non-Newtonian wax deposition model, flow
curves (shear stress vs. shear rate) at different temperatures were generated and fitted
using the Herschel-Bulkley constitutive law. Figure 4 summarizes the scheme used to
obtain the Herschel-Bulkley parameters for the simulations. From the Herschel-Bulkley
fit of each flow curve, the flow index n, flow consistency K and the yield stress 7, were
obtained as a function of temperature. It should be noted that for these data flow index n
was found close to 1, thus reducing the non-Newtonian law to simply a Bingham Plastic.
Using the precipitation curve generated from DSC, the relationship between solid wax

weight fraction and K and 7,, were established (polynomial or exponential function) and

used in the simulations.
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Figure 4: Summary of the methodology used to obtain the non-Newtonian (Herschel-Bulkley/Bingham Plastic)
parameters from the measured apparent viscosity data.

A set of flow loop experiments at various inlet oil temperature and flow rate conditions
were carried out at an IFP Energies Nouvelles (IFPEN) flow loop facility in Solaize,
France. All experiments were performed under turbulent single-phase flow conditions.
Wax deposit thickness was measured indirectly through an energy balance calculation
based on the evolution of the temperature drop with time across the test section
resulting from the deposit formation. This approach captures the time-dependent
evolution of the deposit thickness. To back calculate the deposit thickness that would

result in the temperature drop measured from the experiment, equation (3) was used:

3)
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where h is the overall heat transfer coefficient, d; is the pipe internal diameter, d, is the
pipe external diameter, § is the deposit thickness, 4, is the deposit thermal conductivity,
hq is the internal flow heat transfer coefficient and h.,; is the cooling water heat transfer
coefficient. A; and h,,; were taken to be 0.2 W/m/°C and 1800 W/m?/°C respectively,
while the value of h, for each test was estimated based on the temperature profile

obtained from the deposition simulation. In equation (3), hy was obtained using equation
(4):

in out
mcrudeCp,crude (Tcrude - Tcrude)

= 4
h d LAT Ly )

where m,q. is the oil mass flow rate, C), 4. is the oil specific heat capacity, i e 1S
the oil inlet temperature, T%%,, is the oil outlet temperature, L is the test section length
and Ty is the log mean temperature difference calculated using Equation (5):

( Ziude - Tglll;) - (Tg;lbttde - qurlly)

( Ziude - Tffff) (5)
In[————
T

ATLM =
out in

crude — 1 gly

where Tf(]’}y and T} are the glycol water inlet and outlet temperatures respectively.

Five experiments were carried out with their conditions summarized in Table 1.

Table 1: Experimental conditions of the flow loop tests.

Test Toitinet (°C) Teoolantiniet (°C) Twai (°C) Flow rate Estimated Duration (h)
(m3/h) Wall
Shear
Stress
(Pa)
D1 27.5 8 9.5 7.5 3.5 40
10
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G1 275 17 20.2 7.5 3.5 40
C1 235 20 21 15 12 150
B1 275 21.2 231 15 12 50,150
E1 27.5 23.5 25.6 15 12 150

At the end of each experiment, a sample of the deposit was collected for deposit
composition analysis. Calorimetric analyses on the samples were performed using a
Mettler Toledo DSC 1. Two methods were employed to obtain the precipitation curve
and wax content from the thermograms: either the ratio between enthalpy areas or the
use of a theoretical enthalpy value of AH= 200 J/g. Both methods lead to converging

results.

Model & Simulation Parameters

The dimensions and other relevant physical characteristics of the flow loop
characteristics were provided by IFP Energies Nouvelles and are summarized in Table
2. Fluid and wax density, thermal conductivity, heat capacity and kinetic parameter

assumed are shown in Table 3.

Table 2: Flow loop dimensions and physical properties.

Pipe length L 5.9m (D1)

6.9m (G1, E1 & B1)

Pipe inner diameter D; 0.0525 m

Pipe outer diameter D, 0.08 m

11
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Wall thermal conductivity kyan

Heat transfer coefficient between outer pipe and

cooling fluid Ay

14 W/m/°C

600 — 1500 W/m?/°C

Table 3: Oil and wax properties.

Fluid & wax density p

Fluid and wax thermal conductivity k

Fluid and wax specific heat capacity ¢,

Precipitation rate constant k;

Crystal aspect ratio K, (used to calculate the D

using the Cussler equation)

841 kg/m3

0.2 W/m/°C

2100 J/kg/°C

103

5

Yield stress as a function of the solid fraction shown in Figure 3 was fitted to a

piecewise defined function to be applied in the yield stress-based model.

Irrespective of which deposition model is considered, the same heat and mass transport
equations are involved. Assuming paraffins can be lumped together as a single species
existing as a soluble wax or precipitated wax, one can arrive at the respective mass

balances shown in Equations (6) and (7) for flow in a cylindrical pipe assuming

axisymmetry.

0C; dCs

10 dC
ot + v, or = ror (Deff + Ei)ﬁ - kr(Cs_ Cs,eq)

12
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ot TV ey T

10 aC,
) -
The energy balance can be derived in a similar manner as follows:

ac

oT p
+ AHCT}’SE (8)

~0T ~ 0C, 10 )
a+6Har

Povge T PPV oy = vor

For the centerline boundary condition, symmetry is assumed at r = 0 in all three
equations. At the wall, zero mass flux is assumed in equations (7) and (8) while in
equation (9) a constant wall temperature was used based on the average wall

temperature measured in the experiment.

In both approaches, the soluble wax diffusivity is calculated using the Hayduk and
Minhas correlation to obtain the solid-free diffusivity which is then used to obtain the
effective diffusivity based on the Cussler model'"'2. The crystal aspect ratio parameter
K, for the internal diffusion is taken to be 5 in all simulations. Additionally, precipitation

rate is assumed to be very fast by taking k; to be 103 s-'.

In the yield-stress approach, Equations (6), (7), and (8) are solve simultaneously with
the hydrodynamic calculations outlined in Zheng et al. 2017 to obtain axial and radial
profiles of temperature, wax concentration, as well as the axial profile of deposit
thickness, all as a function of time. In the conventional diffusion approach, Equation (2)
in which ¢, must be specified is used in place of Zheng’s hydrodynamic calculations to
calculate the change in deposit thickness at each axial node. To probe the sensitivity of

the deposition behavior on ¢,, simulations at several ¢, values were carried out.

The average deposit thickness along the axis and the average total wax concentration

in the deposit from the simulations were compared with the experiments.

13
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Results and Discussions

Experimental Deposit Thickness Results

The experimental time varying deposit thickness obtained from solving Equations 3
through 5 are shown in Figure 4. Upon examining the early times growth, it was
observed that the tests D1 and G1 had a very rapid growth taking place during the first
30 minutes (whose thicknesses grew to 0.9mm and 0.2mm respectively) followed by a
more gradual growth rate for the rest of the duration of the experiment, whereas growth
rates in tests C1, B1 and E1 were gradual from the beginning. To help with interpreting
these results, a mapping of the different experiments as a function of their flow shear
stress and wall temperature in relation to the oil yield stress is plotted in Figure 5. This
diagram guides the expectations for how the deposit formation under the different
conditions would take place. If the experiment falls below the measured yield stress
curve, the deposit growth is expected to be rapid initially due to oil gelation followed by
a more gradual growth governed by molecular diffusion. On the other hand, if the
experiment lies above this yield stress are expected to behave in the classical molecular
diffusion mechanism from the very beginning. Based on Figure 5, tests D1 and G1 are
expected to be subjected to oil gelation at the onset of deposition while C1, B1 and E1
are not. Indeed, the results in Figure 4 confirm these expectations. From here on, tests
D1 and G1 will be grouped together as tests that are below the gelation envelope, while

tests C1, B1 and E1 will be identified as tests that are above the gelation envelope.

14
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Figure 5: Experimental deposit thickness for (a) the entire duration and (b) the first 10h obtained from solving
Equations 3, 4 and 5 based on temperature probe measurements.
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Figure 6: Calculated shear stress and wall temperature of the flow loop tests in relation to the measured oil yield
stress.

Table 4 presents the deposit total wax content measured from the experiments.

Table 4: Deposit total wax content results from DSC.

Test Toitinet (°C) Twan (°C) Duration (hr) Deposit total wax
content (wt%)
D1 27.5 9.5 40 30
G1 27.5 20.2 40 40
C1 23.5 21 150 60
15
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B1 275 23.1 50 45
150 60
E1 275 256 150 60

Comparison between Flow Loop Experiment and Simulation Results

Wall Temperature Below Gelation Envelope

Test D1 was performed with an inlet oil temperature of 27.5°C (1°C above the WAT)
and wall temperature of 8°C with a constant flow rate of 7.5 m3/h. As previously pointed
out based on the yield stress-shear stress map in Figure 6, this experiment was
expected to yield a rapid initial growth due to oil gelation, followed by a slower growth by

molecular diffusion. The experimental thickness result confirms this behavior.

Figure 7 shows the prediction of deposit thickness using the two modeling approaches
as compared to the experimentally measured thickness. The conventional approach is
incapable of capturing the rapid initial growth rate, in contrast to the non-Newtonian
approach which accurately captures the deposit growing to 1mm during the first 30
minutes. It should be reminded that thermodynamic equilibrium was assumed in all

these simulations for comparison between the models.

16
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Figure 7: Predicted deposit thickness using the two models as compared to the experimentally measured thickness
from test D1.

It is also interesting that under these conditions and unlike the tests above the gelation
envelope, the deposit growth rate predicted by the conventional model is more strongly

dependent on ¢; likely due to the lower wall temperature which allows for a thicker

deposit formation.

Figure 8 shows the deposit wax content evolution with time predicted by the two models
compared to the experimental data. With the exception of the conventional model with
¢; = 0.5, both the conventional model and the non-Newtonian predict comparable
deposit wax content at 40hr due to the same transport approaches used. Their time
trajectory behaviors however are not similar due to their different thickness time
trajectory. This good matching in terms of deposit composition between both models

and the experiment implies that the aging and diffusion rate were reasonably modeled.

17
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Figure 8: Predicted deposit total wax content using the two models as compared to the experimentally measured
value from test D1.

The comparison between predicted and the measured deposit thickness and deposit
compositions for test G1 are shown in Figures 9 and 10 respectively. Similar to test D1,
the non-Newtonian model is capable of capturing both the initial fast growth due to
gelation and the more limited growth at longer times to due to higher shear stress at the
interface resulted from the deposit formation. Assuming ¢, between 0.01 and 0.1 in the
conventional model underpredicts the deposit thickness although it yielded a reasonable
wax content of the aged deposit. A higher ¢, would perform worst as seen with ¢, of
0.5. The extent of gelation is less significant in test G1 due to its higher wall

temperature.

18
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Figure 9: Experimental and predicted deposit thickness for (a) the entire duration and (b) the first 6h of test G1.
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Figure 10: Experimental and predicted deposit wax content from test G1.

Wall Temperature Above the Gelation Envelope

Test E1 was performed at a flow rate of 15m3/h with a wall temperature of
approximately 25.6°C. The time dependent deposit thicknesses simulated using the
conventional diffusion model and the non-Newtonian model are plotted against the
experimentally measured thickness in Figure 11. As seen in Figure 11, while a higher ¢
results in a slower growth rate as expected due to the formation of a more solid

19
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depositing layer, the change in ¢, has to be large in order to observe a notable
decrease in the deposit growth rate, at least initially. Furthermore, time trajectory
deposit thicknesses predicted by the conventional model are not far off from that
predicted by the non-Newtonian model. To explain these observations, Equation 2 must
be pondered upon. Test E1 has the lowest driving force for diffusion due to the small
temperature gradient, thus the limiting factor for the growth rate is the rate by which

soluble waxes get transported to the wall or gel-oil interface.

a (b)
= 0.3 2! _. 03
£0.25 £0.25 ¢
é 0.2 £ 0.2 —0.01
£0.15 £0.15 —0.1
o L
£ 0.1 £ 0.1 —0.5
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o . o ,
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0O 50 100 150 0 5 10
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Figure 11: Predicted deposit thickness using the non-Newtonian approach and the conventional mass transfer
approach at various ¢, for test E1.

To assess the performance of the mass transfer modeling of both models, the predicted
deposit total wax content was compared with experimental data at t = 150h as shown in
Figure 12 respectively. The predictions between the different simulations are

comparable to one another consistent with the thickness results in Figure 11.

20
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Figure 12: Predicted deposit total wax content using the non-Newtonian approach and the conventional mass transfer
approach at various ¢, for test E1.

Test B1 was performed at the same flow rate as E1 at 15m?3h but with a lower wall
temperature of approximately 23.1°C yielding a thicker deposit. The time dependent
deposit thicknesses simulated using the conventional diffusion model and the non-
Newtonian model are plotted against the experimentally measured data in Figures 13
and 14. Unlike test E1, there is a more notable decrease in the deposit growth rate
during the first 30h with increasing ¢,. As a result, characterizing ¢, is more important in
this scenario. As shown in Figure 13, ¢, = 0.03 gives the closest prediction to the
experiment, which also overlaps with the non-Newtonian model prediction. This

observation is consistent with the non-Newtonian characteristics of the fluid

21
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Figure 13: Predicted deposit thickness using the non-Newtonian approach and the conventional mass transfer

approach at various ¢, for test B1.
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Figure 14: Predicted deposit total wax content using the non-Newtonian approach and the conventional mass transfer

approach at various ¢ for test B1.

The closeness in the predictions between the conventional and non-Newtonian models

for these cases implies that under flow and temperature conditions where the deposition

rate is slow and limited by the rate of diffusion of wax to the wall or interface, the

conventional approach can perform just as well as long as the diffusion and other mass

transport characteristics including the deposit aging are captured.

Conclusions

22
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A set of flow loop experiments were carried out at various oil temperature, wall
temperature and flow rates. Two modelling approaches were used to match the
experimental data: the classical molecular diffusion approach, and the non-Newtonian

approach.

From the comparison between the model predictions and the experimental data, it was
found that the usage of dynamic yield stress in the non-Newtonian approach performs
more satisfactorily compared to the classical approach. Both early time and late time
deposition rates are captured by the non-Newtonian model with changing flow rate and
temperature driving force using a single value assigned to the precipitation kinetic and
aging parameters. This can be attributed to the unambiguous modeling of the necessary
solid fraction required to immobilize a flowing oil, which is the basis for the deposition
mechanism observed in single phase flow in the flow loop. The predictability of the non-
Newtonian approach across different flow and temperature conditions found in this

study demonstrated its scalability when used in field cases.
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Notation
t Time (h)
o Density of the oil and deposit (kg/m?)
AH Specific latent heat of wax crystallization (J/kg)
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€H

Toil,inlet

Tcoolant,inlet

Twall

T;

Deposit thickness (m or mm)

Thermal conductivity of oil and deposit (W/m/°C)

Specific heat capacity of oil and deposit (J/kg/°C)

Thermal diffusivity of oil and deposit (m?/s)

Thermal eddy diffusivity (m?/s)

Temperature of the oil or deposit (°C)

Temperature of oil at the inlet (°C)

Temperature of circulating coolant (°C)

Temperature of pipe wall (°C)

Temperature at the deposit-oil interface (°C)

Radial coordinate (m)

Axial coordinate (m)

Inner diameter of pipe (m)

Outer diameter of pipe (m)

Pipe length (m)

Soluble (i.e., dispersed) n-C28 concentration (kg/m?)

Soluble wax concentration at the solubility limit (kg/m?)

Precipitated wax concentration (kg/m?)

Precipitation rate constant (s™)
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Dy/o Soluble wax diffusivity in precipitate-free oil based on the Hayduk-Minhas equation (m?%/s)
Derr Effective soluble wax diffusivity (m?/s)
€ Mass eddy diffusivity (m?/s)
u Viscosity of precipitated wax-free oil (mPa s)
Va Molar volume of wax molecule (cm3/mol)
K, Dimensionless wax crystal aspect ratio
v, Axial velocity of oil (m/s)
Ty Local yield stress (Pa)
Tw Wall shear stress (Pa)
K Consistency index (Pa s")
n Flow index
O Solid wax fraction in the depositing layer
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