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Asphaltene deposition is one of the unresolved problems in oil industries. Little information is available
on the critical question of ‘‘how fast” the flocculated asphaltene particles deposit across the production
wells from the flowing oil. In this study, the mechanisms of deposition of flocculated asphaltene particles
from oil have been studied experimentally and theoretically under forced convective conditions using an
accurate thermal approach. The effects of oil velocity, flocculated asphaltene concentration and temper-
ature on the rate of asphaltene deposition are investigated. It is observed that during the first few weeks
the deposition mechanism is dominant and the erosion of the deposit is almost negligible. The rate of
asphaltene deposition increases with increasing flocculated asphaltene concentration and temperature
while it decreases with increasing oil velocity. After clarification of the effects of operating parameters
on the deposition process, the results of the experiments are used to develop a mechanistic model for
the prediction of the rate of asphaltene deposit formation under forced convective conditions. The pre-
dictions of the suggested model for the deposition rate of asphaltene are compared with measured data.
Quantitative and qualitative agreement between measured and predicted asphaltene deposition rates is
good.

� 2009 Published by Elsevier Ltd.
1. Introduction mal alkanes including those with small carbon number such as
Crude oil is a colloidal mixture consisting of various fractions of
saturated hydrocarbons, aromatics, resins and asphaltenes (e.g.
Mullins and Sheu [1]). Amongst these, asphaltene is viewed as
the most polar and highest molecular weight fraction of the crude
oil. The chemical structure of asphaltene has been the subject of
many studies (e.g. Yen et al. [2], Speight [3], Yen [4]). These inves-
tigations reveal that asphaltenes are stabilized in oil by the resin
molecules which act as peptizing agent for emulsifying asphaltene
particles. Colloidal asphaltenes may be naturally or artificially pre-
cipitated from oil if the resin molecules are removed from the sur-
face of the asphaltene particles. Resins are normally classified as
the fraction of crude oil which is soluble in normal alkane solvents
such as normal pentane while asphaltenes are soluble in aromatic
solvents such as toluene and xylene (Burke et al. [5]). Asphaltenes
have a brownish appearance and consist chemically of a mixture of
polar aromatic and naphthenic molecules which contain hetero-
atoms of nitrogen, sulfur and oxygen. They are flocculated by nor-
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propane (Andersen [6], Rassamdana et al. [7], Hu et al. [8]). The de-
gree of resin removal from the surface of asphaltene particles de-
pends strongly on the carbon number of the normal alkane
solvents and increases with increasing carbon number (Hu et al.
[8], Vazquez and Mansoori [9]). Deposition can also be enhanced
by any chemical, mechanical or electrical processes which are able
to depeptize colloidal particles and thus lead to flocculation and
precipitation of asphaltene (Kokal et al. [10]).

Asphaltene deposition is a major unresolved problem in the oil
industry which may occur during primary oil production and sub-
sequent enhanced oil recovery methods. The existence of concen-
tration gradients accompanied by pressure and temperature
profiles across the reservoir formation, especially in the vicinity
of the bottom hole of the production wells, in well tubing and in
surface facilities affects the stability of colloidal asphaltene parti-
cles and provides favorable conditions for their deposition (e.g. Ka-
bir and Jamaluddin [11], Kokal et al. [12]). Deposition of flocculated
asphaltene particles can sometimes be so severe that it may limit
or block well tubing, pumps and other production equipment
and facilities. Due to asphaltene deposition, primary recovery from
oil reservoirs in which the pressure has declined close to the bub-
ble point pressure can present many operational problems and,
therefore, severely limit the production rate. From reservoir
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Nomenclature

a and b constants
Ap cross-sectional area of the particle in flow direction, m2

A0 � A3 constants
C concentration, kg/m3

CD drag coefficient
CP specific heat, J/kg K
D tube diameter, m
dp particle diameter, m
DDiff diffusion coefficient, m2/s
Ea attachment activation energy, J/mole
f Darcy friction factor
Fadh adhesion force, N
Fdrag drag force, N
k1,2 constants
kt transport coefficient, m/s
kd coefficient in eq. (35), m/s
kd0 coefficient in eq. (36), m/s
kB Boltzmann constant = 1.38 � 10�23 J/K
L length, m
m mass of deposit per unit area, kg/m2

_m rate of deposition or removal, kg/m2 s
Nu Nusselt number
M molecular weight of solvent, kg/kmol
Pr Prandtl number
_q heat flux, W/m2

r radius, m
RA thermal resistance of deposit, m2 K/W
Rm solvent to oil ratio, m3/kg
Rv solvent to oil ratio, m3/m3

Re Reynolds number
s distance between thermocouple location and heat

transfer surface, m

Sc Schmidt number
Sh Sherwood number
Sp sticking probability
S0 constant
t time, s
T temperature, K
v oil velocity, m/s
W weight percent of asphaltene precipitation
Wt% composition in weight percent
X and Y scaling parameters, defined by Eq. (8)

Greek symbols
a heat transfer coefficient, W/m2 K
b mass transfer coefficient, m/s
k thermal conductivity, W/m K
l oil viscosity, kg/ms
q density, kg/m3

Subscripts–superscripts
A asphaltene
b bulk
d deposit
fc forced convection
o oil or outside
r removal
s surface
t at time t
th thermocouple
turb turbulent
w wall

M. Jamialahmadi et al. / International Journal of Heat and Mass Transfer 52 (2009) 4624–4634 4625
management perspective, asphaltene deposition has a strong eco-
nomical impact on the oil industry because it may substantially
increase operating costs of oil production and reduce the produc-
tion rates. Eventually, the production must be curtailed to remove
asphaltene deposits from formation, well tubing and surface facil-
ities by wash-out with solvents such as toluene or xylene. These
organic chemicals are generally hazardous, expensive and environ-
mentally harmful solvents which may result in high cleaning and
downtime costs. Furthermore, considering the trend of the oil
industry towards the increased utilization of deeper reservoirs
which generally have asphaltenic oil, the role of asphaltene depo-
sition in the economic development of oil discoveries will be
important and crucial.

Over the last three decades; extensive research efforts both
experimentally and theoretically have been devoted to the under-
standing of fundamental thermodynamic aspects of asphaltenes in
crude oil. The results of these investigations have been summa-
rized in several papers (e.g. Kawanaka et al. [13], Mansoori [14],
Deo and Hanson [15], Rahoma et al. [16], Browarzik et al. [17],
Monteagudo et al. [18]), books (Chilingarian and Yen [19], Nomura
et al. [20], Mullins and Sheu [1], Firoozabadi [21], Becker [22]) and
recent Ph.D. theses (e.g. Park [23], Nghiem [24], Alboudwarej [25]
and Ashoori [26]) on this subject. It should be emphasized that
thermodynamic models alone are not sufficient for solving the
problem of asphaltene deposition in the formation, production
wells and surface facilities. They only provide information on the
solubility of asphaltene in a typical crude oil at specific conditions.
Asphaltene deposition is a rate process and the knowledge of the
mechanism of deposition and its kinetics are essential to deter-
mine how fast the deposition process will take place. Furthermore,
the mechanism of the asphaltene deposition can also explain the
effect of oil production rate, temperature and flocculated asphal-
tene concentration on the rate of deposition and the increase of
the deposit thickness with time.

A review of the existing literature on mechanisms and kinetics
of asphaltene deposition from crude oil reveals that hardly any
information is available on this subject. This is mainly because of
the difficulty in using the conventional approaches to measure
the mass of asphaltene deposition per unit area as a function of
time and determine the controlling mechanism and the activation
energy of the deposition process. The aim of the present paper is to
study the mechanisms and kinetics of asphaltene deposition from
asphaltenic crude oils using a thermal approach and to determine
the effects of oil velocity, temperature and flocculated asphaltene
concentration on the rate of deposition.

2. Background of the measurements

When a clean fluid flows over a hot surface at constant flow
rate, bulk temperature and heat flux, the corresponding tempera-
ture drop which develops between the hot surface and the bulk
of the flowing fluid is shown in Fig. 1a. In this case, the thermal
resistance against heat transfer is just the laminar sublayer adja-
cent to the surface, and the heat transfer coefficient between sur-
face and fluid is defined as:

a0 ¼
_q

T0
s � Tb

ð1Þ

Eq. (1) shows that as long as flow rate, bulk temperature and heat
flux are kept constant and no deposit is formed on the surface,
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Fig. 1. Temperature profile in the absence and presence of asphaltene deposit.
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the heat transfer coefficient a0 will also remain constant. Asphaltene
particles depositing on the surface act as an additional thermal
resistance to heat transfer. If the heat flux is maintained constant,
the heat transfer coefficient decreases with time and, as a conse-
quence, the surface temperature Ts rises. Thus for a surface with
asphaltene deposit we can write (see Fig. 1b):

at ¼
_q

Tt
s � Tb

ð2Þ

The thermal resistance of the formed asphaltene deposit on the sur-
face is equal to (e.g. Jamialahamdi and Müller-Steinhagen [27]):

Rt
A ¼

1
at
� 1

a0
ð3Þ

The mass of asphaltene deposit per surface area corresponding to
this thermal resistance is equal to (e.g. Jamialahmadi and Müller-
Steinhagen [28]):

mt
d ¼ qdkdRt

A ð4Þ

Therefore, if a test rig is designed to measure the variation of sur-
face temperature with time as a result of asphaltene deposition, it
allows us to determine the forced convective heat transfer coeffi-
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cient, the thermal resistance and the corresponding mass of deposit
formed on the surface as a function of time, from Eqs. (2)–(4),
respectively. Typical values of density and thermal conductivity of
the deposit, which have been used in the following calculations,
are qd = 1100 kg/m3 and kd = 0.75 W/m K [29].

3. Experimental equipment and procedure

Fig. 2 shows the experimental apparatus which has been used
to measure the mass of asphaltene deposition as a function of time
via the measurements of the heat transfer coefficient and the ther-
mal resistance of asphaltene deposit. Oil was pumped by a stain-
less steel pump from a temperature controlled supply tank to the
test section via a calibrated orifice plate in conjunction with a pres-
sure transducer. The supply tank can be maintained at a predeter-
mined temperature with an internal cooling coil and three
controlled band heaters on the external surface of the tank. The
bulk temperature of the oil is measured with K-type thermocou-
ples which are located in the tank and in mixing chambers before
and after of test section. The oil flow rate can be controlled with a
gate valve prior to the test section in conjunction with the bypass
line. The rig is fully insulated to avoid heat losses to the ambient air
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after the test section. To prevent corrosion all wetted parts of rig
and valves are manufactured from stainless steel. Thermocouple
voltages, the voltage signals from the flow meter, current and volt-
age drop from the test heater were all measured and processed
with a data acquisition system and adjusted by temperature con-
trollers and variacs. The test section is shown in Fig. 3. It was de-
signed as an externally heated stainless steel pipe. Heat was
supplied to the test section by a Thermocoax stainless steel
sheathed resistance heater which was fitted into a thread at the
pipe outside. To ensure good thermal contact between heater
and pipe and an even temperature distribution at the pipe internal
surface, the complete arrangement is covered with high tempera-
ture silver solder. The important dimensions of the test section
are given below:
Inside diameter of pipe
 23.8 mm

Heated length
 160 mm

Heated length to thermocouple location
 95 mm
Table 1
Range of operating parameters.

Flow velocity 0.35 6 v 6 2 m/s
Heat flux density 25 6 _q 6 86 kW/m2

Asphaltene supersaturation concentration 0–5 kg/m3

Bulk temperature 70–85 �C
Surface temperature 100–125 �C

Table 2
SARA test results.

Fractions Wt%

Saturates 52.49
Aromatics 41.04
Resins 5.48
Asphaltenes 0.99
Four lengths of capillary tubing were soldered into separated exter-
nal grooves close to the inside surface of the pipe. The local surface
temperature of the heated pipe is measured using four miniature E-
type thermocouples, which are inserted into these four capillary
tubes. The thermocouples are calibrated to measure the tempera-
ture at the internal surface of the pipe. This involved determining
a correction value to be subtracted from the wall thermocouple
temperature, which accounts for the temperature drop due to con-
duction from the thermocouple location to the internal surface of
the tube. The temperature drop between the thermocouple location
and the surface can be calculated from:

Ts ¼ Tth � _q
s
ks

ð5Þ

The ratio between the distance of the thermocouples from the sur-
face and the thermal conductivity of the pipe/thermocouple mate-
rial (s/ks) was determined for each thermocouple by careful
calibration measurements using a Wilson plot technique. A typical
value of s/ks was 1.4 � 10�4 m2 K/W. The local heat transfer coeffi-
cient a is calculated from:

a ¼
_q

Ts � Tb
ð6Þ

Because of the soldering material and the design of the Thermocoax
heater, temperatures and heat fluxes for this test section are limited
to 200 �C and 150,000 W/m2, respectively.

3.1. Experimental procedure

Prior to commencing a test run, the test section, reservoir tank
and pipes were washed with toluene to remove deposits from the
previous experiments. Once the system was cleaned, the crude oil
was introduced to the reservoir tank. For deposition experiments, a
predetermined volume of normal pentane was also added to the
reservoir tank in order to increase the concentration of flocculated
asphaltene particles in the oil. Following this, the tank heater was
switched on and the temperature of the system allowed to rise.
When the temperature of oil in the reservoir tank has reached
the desired value, the pump was started and the rig was left to
equilibrate to the desired bulk temperature. Meanwhile the veloc-
ity of the oil was adjusted to the desired value by the gate valve
prior to the test section and a bypass valve to return some oil di-
rectly to the reservoir tank. Then, the power was supplied to the
test heater and kept at a predetermined value. The data acquisition
system was switched on to record temperatures, pressure and heat
flux. Samples were taken from the oil during the experiments and
analyzed by the gravimetric method (Ashoori [26]). The experi-
ments were carried out at successively lower superficial velocities
and some runs were repeated to check the reproducibility of the
experiments, which was better than ±5%. The range of the
experimental parameters covered in this investigation is shown
in Table 1.

3.2. Physical properties of the investigated oil

Forced convective heat transfer and asphaltene deposition
experiments were performed using an Iranian asphaltenic crude
oil. The fractions of saturates, aromatics, resins and asphaltenes
in the oil were obtained from the so-called SARA test and are given
in Table 2.

The physical properties of oil under various operating tempera-
ture are essential for the calculation of heat transfer coefficients
and the mass of asphaltene deposited on the surface. Figs. 4 and
5 present the viscosity, density, specific heat and thermal conduc-
tivity of oil versus temperature, respectively [29]. As expected, the



40 60 80 100 120 140 160
0

1

2

3

4

5

800

820

840

860

880

900

920

O
il 

vi
sc

os
ity

,μμ
o 

×1
0-

3 
(k

g/
m

.s
) 

O
il 

de
ns

ity
,ρ

o 
(k

g/
m

3 )

Temperature, T (oC)

Fig. 4. Variation of oil viscosity and oil density with temperature.

40 60 80 100 120 140 160
1000

1200

1400

1600

1800

2000

0.00

0.05

0.10

0.15

0.20

Temperature, T (oC)

O
il 

th
er

m
al

 c
on

du
ct

iv
ity

,λλ
o 

, (
W

/m
.K

) 

Sp
ec

ifi
c 

he
at

 o
f o

il,
C

P,
 (J

/k
g.

K
)

Fig. 5. Variation of specific heat and thermal conductivity of oil with temperature.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.0

0.1

0.2

0.3

0.4

Dilution volume ratio, Rv

M
as

s 
of

 a
sp

ha
lte

ne
sp

re
ci

pi
ta

tio
n 

(k
g/

m
3 )

T (oC)Experiment Scaling  Eq. (7)

28

45
58

86
70

Crude oil/Pentane system

Fig. 6. Variation of mass of asphaltenes precipitation with dilution ratio at various
temperatures.

4628 M. Jamialahmadi et al. / International Journal of Heat and Mass Transfer 52 (2009) 4624–4634
viscosity and thermal conductivity of the oil decrease as tempera-
ture is increased. Contrariwise, the specific heat increases with oil
temperature, while the density remains almost constant.

3.3. Error analysis

The experimental error for the measured mass of asphaltene
deposition may be due to errors in the measurement of heat flux,
bulk temperature and surface temperature of the test section. As
the surface was sanded with grade 240 emery paper, it was postu-
lated that in all experiments the heat transfer was comparable
with respect to surface roughness. By repeating several measure-
ments of clean heat transfer coefficients, the same results were ob-
tained, which confirms the above assumption. The error of the
adjusted heat flux is due to errors in the measurements of electri-
cal current and voltage. The power delivered by the heater box
showed small fluctuations which create a maximum error of about
1.1% of the target value. It is accepted that this phenomenon has
some minor effect on the deposition on the test section surface.
The temperatures were measured with K-type thermocouples lo-
cated in the bulk of the oil flow before and after the test section.
These thermocouples were initially calibrated against a quartz
thermometer with an accuracy of about 0.02 K. The inaccuracy in
temperature measurements due to the calibration errors of the
thermocouples may lead to a deviation of approximately ±0.2 K.
The maximum error in the mass of asphaltene deposition measure-
ments was estimated to be less than ±3.5% by taking into account
the temperature, heat flux and flow rate measurement errors.
4. Results and discussion

4.1. Concentration of flocculated asphaltene particles

The determination of the concentration of flocculated asphal-
tene particles in the oil at specified temperatures is essential to
study the mechanisms of asphaltene deposition and to develop a
mechanistic deposition model. Fig. 6 shows the measured mass
of precipitated asphaltene as a function of the volumetric dilution
ratio of normal pentane/oil for several temperatures. The experi-
mental results show that the mass of precipitated asphaltene in-
creases with increasing dilution ratio while it decreases with
increasing temperature – which is in agreement with previous
findings (e.g. Rassamdama et al. [30], Hu and Guo [31], Ashoori
et al. [34]). The fractal aggregation approach is used to correlate
these results which have been obtained from the titration of dead
oil with normal pentane at different temperatures. Sahimi and co-
workers (Rassamdana et al. [7], Dabir et al. [32], Mozaffarian et al.
[33], Rassamdana et al. [30]) have shown that all titration curves of
asphaltenic dead oil with normal alkane solvents will collapse into
a single universal third order polynomial function:

Y ¼ A0 þ A1X þ A2X2 þ A3X3 ð7Þ

where the constant parameters A0 to A3 denote the scaling coeffi-
cients. The three main variables of titration of dead oil curves are
the weight percentage of precipitated asphaltene W, the solvent
to oil dilution ratio Rm and the molecular weight of the solvent. Ras-
samdana et al. [30] lumped these three parameters into two vari-
ables X and Y of the scaling equation (8):

X ¼ Rm

Mz and Y ¼ W

Rz0
m

ð8Þ

z and z0 are two adjustable parameters which must be carefully
tuned to obtain the best fit of the experimental data. They sug-
gested z0 = �2 regardless of oil and precipitant used, and z = 0.25.
Hu et al. [8] evaluated the universality of exponents z and z0 and
concluded that z depends on oil composition, varying from 0.2 to
0.5, while z0 is effectively universal. In recent years, the validity of
the scaling model has been verified by several investigators (e.g.
Hu and Guo [31], Ashoori et al. [34], Hong and Watkinson [35])
for titration of dead oils with normal alkane solvents under isother-
mal conditions. Rassamdana et al. [30] extended the scaling model
to non-isothermal asphaltene precipitation processes by including
the temperature in the scaling variables X and Y in the following
form:



Table 3
Published correlations for forced convective heat transfer.

Authors Correlations

Dittus and Boelter [40] Nu ¼ 0:023Re0:8Pr0:3

McAdams [39] Nu ¼ 0:023Re0:8Pr0:4

Berger and Hau [41] Nu ¼ 0:0167Re0:875Pr
1
3

Whitaker [42] Nu ¼ 0:015Re0:83Pr0:42

Kays and Crawford [43] Nu ¼ 5þ 0:015ReaPrb where a
and b are given as : a ¼ 0:88� 0:24

4þPr ;

b ¼ 0:333þ 0:5 expð�0:6PrÞ
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X ¼ Rm

Mz � Tc1
and Y ¼ W

Rz0 � XC2
ð9Þ

They reported that the non-isothermal data can be correlated well
by setting the exponents c1 and c2 equal to 0.25 and 1.6, respec-
tively. Hu and Guo [31] performed extensive titration experiments
on dead oil at several temperatures and concluded that the scaling
equations (9) are adequate for correlating and predicting the
asphaltene precipitation data at different temperatures for normal
alkane precipitants, but with exponents z, c1 and c2 equal to 0.25,
0.5 and 1.6, respectively. Ashoori et al. [34] slightly modified the
scaling equations (9) and retuned them for titration curves of Ira-
nian crude oils with various alkanes:

X ¼ Rv

M0:25T0:4 and Y ¼ W

ðMRvÞ�0:4 ð10Þ

The applicability of Eqs. (10) for the oil which is used in this inves-
tigation is illustrated in Fig. 7 where the plot of Y against X resulted
in a single curve. The following third order polynomial is an excel-
lent fit of this curve:

Y ¼ 181:38X3 � 52:997X2 þ 137:31X � 2:201 ð11Þ

In this study, Eq. (11) is used to predict the flocculated asphaltene
concentration in oil under various operating conditions.

4.2. Clean heat transfer coefficient

Referring to Eq. (3), the second parameter which is needed for
the calculation of the mass of deposited asphaltene is the clean
forced convective heat transfer coefficient a0 to the flowing oil. A
review of the existing literature on this subject reveals no detailed
information on forced convective heat transfer to crude oil. There is
a lack of published experimental data and the exact effects of oper-
ating variables such as oil velocity on forced convective heat trans-
fer coefficients to oil are still uncertain. Knowledge of convective
heat transfer to oil is also needed for accurate prediction of well
and well-tubing surface temperatures to solve production engi-
neering problems. Due to the importance of well temperature, sev-
eral different models have been developed for calculation of well
temperature gradients over the years (e.g. Ramey [36], Green and
Whillhite [37], Takacs [38]). These models recommended the
McAdams [39] correlation for the calculation of forced convective
heat transfer coefficients to crude oil. This correlation is rather
old and its application for crude oil has not been verified yet.
Forced convective heat transfer coefficients are measured for dif-
ferent heat fluxes over a range of oil velocities from 0.35 m/s to
2.5 m/s. With increasing oil velocity, the fluid turbulence is inten-
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Fig. 7. Correlation of scaling parameters, showing that asphaltene precipitation
data are collapsing onto a single curve.
sified and the heat transfer coefficient is improved as the boundary
layer gets thinner.

A considerable number of correlations exist for the prediction of
turbulent heat transfer coefficients in pipes. For fully developed
turbulent flow in pipes, Nusselt numbers are in most cases corre-
lated by the following general functionality which has been ob-
tained from dimensional analysis:

Nu ¼ kReaPrb ð12Þ

A number of such correlations are listed in Table 3. The values of the
parameter k, and the exponents a and b vary according to the exper-
imental data on which the correlations have been developed.

Prandtl [44] developed Eq. (13) for fully developed turbulent
flow in pipes:

Nu ¼
f
8 Re � Pr

k1 þ k2

ffiffi
f
8

q
ðPrn � 1Þ

ð13Þ

Prandtl suggested that k1 = 1, k2 = 8.7 and n = 1. Petukhov and Popov
[45] modified these values to k1 = 1, k2 = 12.7 and n = 2/3. Eq. (13) is
based on a model for fully developed turbulent flow, but it does not
account for entrance effects. To overcome this deficiency, Gnielinski
[46] modified Eq. (13) by replacing Re by (Re � 1000) and by multi-
plying it with an entrance correction factor derived by Hausen [47].
This resulted in:

Nu ¼
f
8 ðRe� 1000ÞPr

1þ 12:7
ffiffi
f
8

q
Pr

2
3 � 1

� � 1þ 1
3

D
L

� �2
3

" #
Prb

Prw

� �0:11

ð14Þ

For Eq. (14), the friction factor for turbulent flow in technically
smooth pipes is to be calculated according to Filonenko [48]:

f ¼ ð1:821log10Re� 1:64Þ�2 ð15Þ

To put the accuracy of these correlations into perspective, their pre-
dictions are compared with experimental data in Fig. 8. While all
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correlations predict a considerable increase in heat transfer coeffi-
cient with increasing oil Reynolds number, the variation between
the predictions of the various correlations is quite considerable.
The Gnielinski [46] and the Berger and Hau [41] correlations fit
the experimental results for forced convective heat transfer to crude
oil better than the other correlations. The disagreement between
experimental results and predicted values from the correlations of
McAdams [39] and Dittus and Boelter [40] is significant.

4.3. Asphaltene deposition experiments

Fig. 9 shows heat transfer coefficients and the corresponding
mass of asphaltene deposit as a function of time for heat fluxes
ranging from 25,000 to 86,000 W/m2, flocculated asphaltene con-
centration of 3.5 kg/m3, oil velocity varying from 0.35 to 1.56 m/s
and a bulk temperature of 85 �C. The deposit layer of asphaltene
formed on the surface acts as an additional resistance which is
the reason for the reduction of heat transfer coefficient. The gen-
eral shape of the heat transfer coefficient versus time curves is
remarkably concordant. It is characterized by slight fluctuations
of the heat transfer coefficient at the very beginning of the operat-
ing time, followed by a gradual decrease. The initial fluctuations
are a result of the adjustment of heat flux and the increased rough-
ness of the surface due to the initial asphaltene deposits. The rough
surface increases the turbulence level in the flow zone near the
heat transfer surface and, therefore, may temporarily improve
the heat transfer coefficient until the insulating effect of the grow-
ing asphaltene deposit becomes dominant. There is usually a time
interval between the start of the experiment and the detection of a
thermal resistance due to the deposition process. This is called the
delay time or initiation period. During this period, certain condi-
tions required for deposition such as adsorption of asphaltene par-
ticles to the surface and surface conditioning are established. The
results show that the heat transfer coefficients at high heat fluxes
decrease faster and to a larger extent than at low heat fluxes. The
thermal resistance of the asphaltene deposit layer can be calcu-
lated from the initial heat transfer coefficient when the surface is
still clean and the actual heat transfer coefficients, according to
Eq. (3). The clean heat transfer coefficient a0 is calculated from
the Gnielinski [46] correlation. The mass of asphaltene deposit
per unit area can be obtained as a function of time by substituting
Eq. (3) into Eq. (4):

md ¼ qdkd
1
at
� 1

a0

� �
ð16Þ
Generally, three basic stages may be visualized in relation to
deposition on a surface from a moving fluid. Referring to Fig. 10,
they are:

1. The diffusional transport of the particles across the boundary
layers adjacent to the surface.

2. The adhesion of the deposit matter to the metal surface and to
itself.

3. The removal of patches of deposited asphaltene particles from
the surface and their transport away from the surface.

The sum of these basic mechanisms represents the growth rate
of the asphaltene on the surface. In mathematical terms the net
rate of growth of asphaltene deposit may be regarded as the differ-
ence between the rates of deposition and removal of flocculated
asphaltene particles from the surface. In more precise mathemati-
cal terms it can be presented as (Kern and Seaton [49]):

dm
dt
¼ _md � _mr ð17Þ

Eq. (17) shows that the asphaltene deposition is a dynamic process
and that it changes with time in a manner determined by the rates
of deposition and removal. Eq. (17) can be represented as a net mass
of deposit versus time curve. If the deposit is adherent, the removal
rate of deposited asphaltene particles can be ignored and the rate of
deposition increases linearly with time. Asymptotic deposition is
generally characteristic of soft and weakly adherent deposits, which
flake off easily due to the shear force of the fluid flowing past them.
This behavior can be obtained if the deposition rate is constant and
the removal rate is proportional to the thickness of the deposit. The
falling rate behavior may result from a falling deposition rate or
from a constant deposition rate and an increasing removal rate.
The experimental results of the present investigation show a more
or less linear increase in the fouling resistance with time, for the
range of investigated oil velocities. This indicates that during the
first few weeks of the deposition process when the thickness of
asphaltene deposit on the surface is small, no significant removal
from the surface takes place and the rate of deposition remains al-
most constant. This may be the reason why asphaltene deposits in
production wells and surface facilities frequently plug the flow
channels, particularly at low velocities. However, it may be postu-
lated that after a long time, when a substantial thickness of deposit
on the surface is reached, some deposit may come off by the mech-
anism of shear-related erosion or removal. Oil velocity, flocculated
asphaltene concentration and surface temperature were found to
be the three major parameters affecting the rate of deposition.

4.4. Effect of oil velocity

Many studies have attempted to clarify the effect of flow veloc-
ity on the deposition process. High velocities can sometimes re-
duce deposition (e.g. Hasson and Zahavi [50]), in other instances
(e.g. Hatch [51]) an increase in deposition has been reported. As
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discussed in several reference books (e.g. [52]), if the deposition
process is not mass transfer controlled, then the deposition rate
should be independent of the flow velocity as long as the surface
and bulk temperatures remain constant. To identify the controlling
mechanism, the asphaltene deposition rate was determined over a
wide range of oil velocities under constant concentration, bulk and
initial surface temperatures. The results of these measurements are
summarized in Fig. 11. The deposition rates which are obtained
from the slope of these curves are plotted as a function of oil Rey-
nolds number in Fig. 12. The rate of deposition decreases signifi-
cantly as oil velocity is increased. Assuming that there is
insignificant deposit erosion (see previous section) this can only
mean that the sticking probability of particles reaching the surface
must decrease with increasing flow velocity. This hypothesis was
already discussed in detail for particulate fouling by Epstein [53].
In particulate processes, the rate of deposition decreases with fluid
velocity as given in Eq. (18):

_md /
1
v j

ð18Þ

Depending on the controlling mechanism, reported values of j lie in
the range of 0.35–2. The present results indicate that the deposition
rate of flocculated asphaltene particles on the surface is almost in-
versely proportional to the oil velocity, i.e. j is approximately equal
to one.
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Fig. 11. Heat transfer coefficients and corresponding mass of asphaltene deposit as
a function of time showing the effect of oil velocity.
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4.5. Effect of flocculated asphaltene concentration

The primary cause of asphaltene deposition is the concentration
of flocculated asphaltene in the flowing oil. As long as the removal
rate can be ignored and all particles arriving at the heat transfer
surface stick to it, the rate of deposition may be generally ex-
pressed as:

_md ¼ kðCAsÞn ð19Þ

where CAs is the flocculated asphaltene concentration at the surface
conditions. For mass transfer and surface deposition controlled pro-
cesses n generally varies between 1 and 2. Eq. (19) shows that
regardless of the mechanism of deposition the effect of concentra-
tion is strong. The observed effect of flocculated asphaltene concen-
tration at a velocity of 1.25 m/s and constant bulk and initial surface
temperature is shown in Fig. 13. The results indicate that the de-
cline of heat transfer coefficient and the rate of asphaltene deposi-
tion both increase as the concentration of flocculated asphaltene is
increased.

4.6. Effect of surface temperature

Fig. 14 shows a typical variation of heat transfer coefficients and
the corresponding mass of asphaltene deposit for different surface
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temperatures, at constant bulk temperature, oil velocity and
asphaltene concentration. The heat transfer coefficient decreases
faster at higher temperature and, therefore, the rate of asphaltene
deposition must increase as the surface temperature is raised. The
effect of surface temperature on the rate of asphaltene deposition
is shown in Fig. 15. These results indicate that the rate of deposi-
tion of asphaltene particles on the surface depends strongly on
the surface temperature. The main effect of surface temperature
on the rate of asphaltene deposition on the surface is through
the diffusivity of asphaltene particles and the attachment rate con-
stant of the process. As will be shown in the following chapter,
mass transfer coefficients are a linear function of temperature
while the attachment rate constants generally increase exponen-
tially with surface temperature according to an Arrhenius relation-
ship. The non-linear trend shown in Fig. 15 may indicate that both
mechanisms are important with respect to the overall rate of
deposition.

5. Mechanisms of deposition

Two processes must occur before an asphaltene particle origi-
nally suspended in the oil flow becomes part of the deposit layer.
First the particle has to be transported to the surface by one or a
combination of mechanisms including Brownian motion, turbulent
diffusion or by virtue of the momentum possessed by the particle.
The size of the particle will have a large influence on the dominant
mechanism. For instance very small particles are predominantly
subject to Brownian and eddy diffusion, whereas large particles be-
cause of their mass will move under momentum forces. Having ar-
rived at the surface the asphaltene particle must stick to become
part of the deposit layer residing on the surface.

5.1. Deposition process

In the first step of the deposition process, particles are trans-
ported to the surface by diffusion through the boundary layer
which is formed between the surface and the oil:

_md ¼ ktðCAb � CAsÞ ð20Þ

where kt is a transport coefficient. In the case of ions, molecules and
submicron asphaltene particles, the transport is diffusional in nat-
ure and kt is equivalent to the well known mass transfer coefficient,
b, which can be obtained from published correlations for forced
convective mass transfer, provided that the diffusivity of the
asphaltene particles can be determined. For submicron particles,
the Brownian diffusion coefficient can be determined from the
Stokes–Einstein equation (Bott [54]):
DDiff ¼
kBT

3pldp
ð21Þ

Determination of asphaltene particle size distribution has been dis-
cussed in detail by Ashoori [26]. For asphaltene particles of 0.5 lm
diameter suspended in oil, which is a reasonable value for the pres-
ent investigation, Eq. (21) predicts diffusion coefficients in the order
of 10�12 m2/s and Schmidt numbers in the order of 106. The mass
transfer coefficient for turbulent flow can be calculated from the
Prandtl equation (13) and the Chilton and Colburn analogy by
replacing the Nusselt and Prandtl numbers by the Sherwood and
Schmidt numbers, respectively. Eq. (13) then reads:

Sh ¼
f
8 Re � Sc

1þ 12:7
ffiffi
f
8

q
Sc

2
3 � 1

� � ð22Þ

For asphaltene particles with Schmidt numbers in the order of 106,
after some mathematical manipulations, Eq. (22) simplifies to:

b ¼
0:079

ffiffi
f
8

q
� v

Sc
2
3

ð23Þ

It is interesting to note that Cleaver and Yates [55] used an entirely
different approach based on a computation of the stagnation flow
towards the wall to derive the following expression for the diffusion
regime of particle deposition:

b ¼
0:084

ffiffi
f
8

q
� v

Sc
2
3

ð24Þ

Epstein [53] used the Reichardt [56] analogy and derived Eq. (25)
for mass transfer coefficients for turbulent flow with high Schmidt
numbers:

b ¼
0:0847

ffiffi
f
8

q
� v

Sc
2
3

ð25Þ

It is noteworthy to realize that excellent agreement exists between
Eqs. (23)–(25), despite the different ways they have been derived.
These correlations indicate that:

b / d�
2
3

p � v ð26Þ

For a constant average particle size, Eq. (26) may be simplified to:

b ¼ k1v ð27Þ

Substituting Eq. (27) into Eq. (20) results in:

_md ¼ k1v CAb � CAsð Þ ð28Þ

Eq. (28) shows that the rate of mass transfer of asphaltene particles
from the bulk flow of oil to the surface is proportional to the oil
velocity. In the above equations (with the exception of Eq. (14)),
the Fanning friction factor, f, can be calculated from the classical
Blasius equation for smooth tube flow:

f ¼ 0:3164
Re0:25 ð29Þ
5.2. Attachment process

Attachment of the asphaltene particles to the surface takes
places after mass transfer of the asphaltene particles from the bulk
of the oil flow to the surface. While, in theory, fluid mechanics and
diffusion theory can explain how asphaltene particles get to the
surface, it is not possible to predict whether or not a particle sub-
sequently will adhere to the surface. The problem of attachment
can be formulated statistically in terms of the probability that a
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particle which arrives at the surface sticks to it, or alternatively the
fraction of particles reaching the wall which stay there. The general
correlation approach is then to replace the driving concentration
difference in Eq. (28) by the product of bulk concentration and
sticking probability. Thus:

_md ¼ SPbCAb ð30Þ

Therefore, for SP = 1, mass transfer controls and, according to Eq.
(28), _md is directly proportional to the oil velocity. For SP < 1, surface
attachment is important and _md may decrease as the oil velocity in-
creases. Asphaltene particles adhere to the surface if the physico-
chemical adhesive forces between the asphaltene particles and
the surface overcome the drag forces exerted near the surface (Wat-
kinson and Epstein [57]):

SP ¼ S0
Fadh

Fdrag
ð31Þ

where S0 is some appropriate constant. The adhesion forces gener-
ally obey an Arrhenius-type expression and may be written as:

Fadh ¼ Fae�
Ea

RTs ð32Þ

where Fa is constant, Ea is the activation energy of adhesion and Ts is
the surface temperature. On the other hand, the drag force depends
on drag coefficient, cross-section of the asphaltene particles in the
flow direction, oil density and velocity:

Fdrag ¼ CDAPqv2 ð33Þ

Therefore, by substituting Eqs. (32) and (33) into Eq. (31), sticking
probability, SP, may be written as:

SP ¼ k2
e�

Ea
RT

v2 ð34Þ

Substituting Eq. (34) into Eq. (30) yields:

_md ¼
kdb
v2 e�

Ea
RTs � CAb ð35Þ

Here Ea and kd were found curve-fitting of the experimental data as
65.3 kJ/mole and 9.76 � 108 m2/s2, respectively. The mass transfer
coefficient b is calculated from either Eqs. (23)–(25) if the Schmidt
Number is known.

Eq. (35) may be further simplified by substitution for the mass
transfer coefficient b from Eq. (27) and rearrangement of results:

_md ¼
k0d
v e�

Ea
RTs CAb ð36Þ

Eq. (36) shows that the rate of attachment of flocculated asphaltene
particles in oil to the surface is proportional to the concentration
and inversely proportional to the oil velocity, which is in good
agreement with the present experimental observations. The deposi-
tion coefficient kd has been obtained by curve-fitting the present
data as 1.55 � 102 m2/s2, but will vary with origin of crude oil. Using
these fitted values, predictions of Eq. (36) have also been included
in Figs. 11, 13 and 14. The calculated trends are in good agreement
with the experimental data. This equation predicts all experimental
data for the investigated range of operating conditions with an
absolute average error of 7.5%.

6. Conclusions

From the perspective of oil reservoir management, understand-
ing the mechanisms and determining the rate of asphaltene depo-
sition across the production wells has a high priority. Asphaltene
deposition on well-tubing surface reduces the production of oil
considerably. The present study shows that oil velocity, bulk and
surface temperature, and flocculated asphaltene concentration
have the main influence on the deposition process. The deposition
rate is increased as flocculated asphaltene concentration and sur-
face temperature are increased. The deposition rate is inversely
proportional to the oil velocity and decreases as the oil velocity
is increased. The experimental results have been used to develop
a mechanistic model for the prediction of the rate of asphaltene
deposition. Considering the complexity of the deposition process,
the quantitative agreement between measured and predicted val-
ues is good.
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