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ABSTRACT 

 

This paper presents the convective heat transfer coefficient of waxy crude oil while 

undergoing cooling and reports the influence of initial temperature on the intra-gel void 

formation. A flow loop rig was used to cool down waxy crude oil to the same end 

temperature while varying the initial temperature to observe the effects of initial 

temperature on the voids formed. The convective heat transfer coefficient and heat 

transfer rate of waxy crude oil subjected to cooling were calculated. It was observed that 

the heat transfer rate and the convective heat transfer coefficient of waxy crude oil below 

the wax appearance temperature were much lower than that of the Newtonian liquid crude 

oil owing to the wax crystal formation entrapping some liquid crude oil within it, below 

which the formation of voids is eminent. In addition, it was found that lower initial 

temperatures tend to form higher void volumes near pipe walls and in the entire pipe with 

a maximum change in void volume of 0.9% observed between the maximum and the 

minimum initial temperature tested. The insignificant influence of initial temperature on 

intra-gel void formation was also observed as the waxes are liquid above the wax 

appearance temperature.  

 

Keywords: Waxy crude oil; Gas voids; Convective heat transfer coefficient; Initial 

temperature. 

 

INTRODUCTION 

 
Worldwide waxy crude oil production at offshore fields has increased and accounts for 

about one third of the world oil production in the last decade [1]. The production rate has 

increased swiftly since its first production in the 1940s owing to the depletion of 

production at onshore fields. The production of crude oil from deep and ultra-deep waters 

is expected to make up the majority of the supply for our energy needs in the near future, 

which in turn requires investigations to alleviate problems encountered during 

transportation [2-4]. Waxy crude oil at offshore fields is mainly known for its high wax 

content. As the ambient temperature at the seabed is far lower than the pour point 

temperature of waxy crude oil, small amounts of wax tend to initiate the gelation of waxy 

crude oil, with three phase changes occurring: precipitation, deposition and gelation. 
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Aiyejina et al. [5] reported that the deposition of waxes in pipelines carrying waxy crude 

oil was a complex phenomenon, which depends on the composition, pressure and 

temperature, heat and mass transfer, and phase interactions, which include solid–solid and 

solid–liquid interactions. Economides et al. [6] conducted a laboratory test and heat 

transfer analysis on waxy crude oil under cold atmospheric conditions that resulted in 

alteration of the sample behaviour and rheological properties owing to heat loss to the 

surroundings. 

The thermodynamic properties of waxy crude oil address the states of waxes in 

waxy crude oil and the phases of samples under cooling mode. The thermal behaviour, 

which basically relies on the temperature of the waxy crude oil, has been a key parameter 

in understanding the wax-phase behaviour of waxy crude oil. The relationship between 

temperature and viscosity, for instance, has been a key factor in defining the Newtonian 

and non-Newtonian regions of waxy crude oils. Golczynski et al. [7] pointed out the 

thermal behaviour of waxy crude oil following a long shut down, after which the 

restarting pressure became much higher than it was during steady flow conditions. The 

various phase changes of waxy crude oil gel because of heating and cooling processes 

would predict and determine gel conditions undergoing the restart-up processes. It was 

mentioned that the heat transfer prior to gel formation affecting the thermal history and 

production rate (restart flow rate) determined the temperature profile ahead of restarting.  

Restarting the gelled waxy crude oil in pipelines resting on the seabed remains a 

challenge and the conventional equation for restart pressure over-predicts its values [8]. 

The formation of voids in wax–oil gel was reported to make the waxy crude oil fluid 

compressible, which would make the restart pressure and pipeline design parameters 

lower than the estimated values from the conventional equation. As a result of thermal 

shrinkage of waxy crude oil during cooling, the formation of intra-gel voids is eminent 

[8-10]. Many research papers also recommended the understating of thermal shrinkage 

and the resulting gas voids formation to predict the restart pressure as accurately as 

possible [11]. Xiaokai et al. [12] illustrated the importance of considering the heat transfer 

calculation in the process of restarting, including physical properties of gelled crude oil 

during phase changes while cooling. However, there are no research studies reported that 

show the convective heat transfer coefficient of waxy crude oil while undergoing cooling 

and the effects of initial temperature on the voids in waxy crude oil gel. The objective of 

the current study was, therefore, to study the convective heat transfer coefficient of waxy 

crude oil during void formation and the effect of initial temperature on the intra-gel voids 

formed. This would outline how waxy crude oil behaves during the formation of intra-gel 

voids and estimate the influence of initial temperature on the formation of voids. 

 

METHODS AND MATERIALS 

 

Experimental Setup and Techniques 

Figure 1 shows the flow loop rig used to produce a gel for a magnetic resonance imaging 

(MRI) scan. A waxy crude oil tank and a test section simulate the reservoir or well and 

subsea bed conditions at offshore fields, respectively. Waxy crude oil was cooled down 

to the same end temperature of 15 °C while varying the initial temperatures to observe the 

effects of initial temperature on the intra-gel void formation. The heat dissipated from the 

waxy crude oil subjected to cooling was calculated from the temperature profile versus 

time of cooling obtained during the experiments. The start temperatures were 80 °C, 70 

°C, 60 °C and 50 °C, well above the wax appearance temperature to erase any thermal 

and shear histories. All the gelled samples at the same end temperatures were scanned 
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using the MRI technique shown in Figure 2. Experimental details for the initial 

temperature are depicted in Table 1. Figure 3 shows the initial temperature profiles of 

waxy crude oil while undergoing cooling in the cold reservoir. The variation in the 

cooling time of different initial temperatures was found to be insignificant as they are in 

the Newtonian region with the liquefied waxes. The effects of initial temperature on the 

voids near the pipe wall and core were then analysed and reported.  

 

 

 
 

Figure 1. Experimental setup. 

 

Figure 2. MRI used for the experiment. 

 

Scanner 

Tube Table 
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Table 1: Details of the initial temperature . 

 

Initial Temperature 

(°C) 

End Temperature 

(°C) 

Temperature range 

(°C) 

Time 

(min) 

80 15 65 100 

70 15 55 83 

60 15 45 77 

50 15 35 72 

 
 

Figure 3. Profiles of initial temperature during cooling in the cold reservoir. 
 

The amounts of heat transferred from the waxy crude oil and the transient 

convective heat transfer coefficient of waxy crude oil during phase changes and voids 

formation were calculated. The surrounding water and crude oil temperatures as a 

function of time were collected during the experiments. Figure 4 shows the cross section 

of the acrylic pipe carrying waxy crude oil and surrounded by flowing water for heat 

transfer analysis.  
 

 
 

Figure 4. Cross sectional view of the acrylic pipe. 
 

The heat loss from the statically cooled waxy crude oil was calculated using a 

thermodynamic equation as follows: 

                           
)()(

.

tTmct vQ 
                                                           

(1) 

0

10

20

30

40

50

60

70

80

90

0 1500 3000 4500 6000 7500

Te
m

p
e

ra
tu

re
 (

o
C

)

Cooling time (Seconds)

Start temperature (ST): 80 °C

ST=70 °C

ST=60 °C

ST=50 °C



 

Investigation of convective heat transfer coefficient and initial temperature of waxy crude oil on the formation of 

voids 

 

3758 

 

where Q
.

 
is the heat loss from the crude oil under cooling, m is the mass of crude oil in 

the test section pipe, vc
 
is the specific heat of waxy crude oil at constant volume and 

)(tT is the temperature change of waxy crude oil over time.  

The same amount of heat transferred to the cold surrounding water via convective 

and conduction mechanisms was also calculated as follows [13]: 
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where Q
.

 
is the heat loss from the waxy crude oil under cooling, 

1T  is the temperature 

of the waxy crude oil, 
2T  is the water temperature, h1 is the heat transfer coefficient of 

crude oil, h2 is the heat transfer coefficient of water, L is the length of the test section pipe 

under cooling, k is the thermal conductivity of the acrylic pipe, and 
2r and 

1r  are the outer 

and the inner radii of the pipe, respectively. The transient heat transfer coefficient of the 

waxy crude oil subjected to cooling was then calculated using Eqns (1) and (2). 

 

RESULTS AND DISCUSSION 

 

The effects of the initial temperature of the waxy crude oil on the intra-gel void formation 

in the wax–oil gel and the convective heat transfer coefficient of waxy crude oil while 

undergoing cooling were investigated. Figure 5 shows the transient heat transfer 

coefficient of waxy crude oil from the start of cooling. The heat transfer coefficient 

reduced significantly as the waxy crude oil temperature decreased owing to the heat loss 

to the cold surroundings. It reduced faster in the first 500 seconds of cooling in the 

Newtonian region prior to wax formation. It then became smaller after the wax 

appearance temperature owing to the wax crystal formation trapping some liquid oil 

within it, as reported [15]. Moreover, the heat transfer coefficient was almost similar after 

the deposition and gelation of waxes in the pipeline. The rapid heat transfer before the 

wax appearance temperature and the significant heat transfer changes before and after the 

pour point indicate the formation of intra-gel voids in the gelled waxy crude oil. 

Furthermore, the lower temperature drop of the waxy crude oil gel in the non-Newtonian 

region made the heat transfer coefficient smaller and almost similar afterwards [16]. 

The heat transfer rates of the waxy crude oil while undergoing cooling in the test 

section pipe were also investigated. Figure 6 shows the heat loss from the waxy crude oil 

to the cold surrounding water. The waxy crude oil had a higher heat transfer rate in its 

liquid state. The heat transfer rate was around 153 W when the temperature of waxy crude 

oil was 80 °C. The heat transfer rate decreased to around 20 W at the waxy crude oil 

temperature of 38.5 °C, at which wax formation starts. The precipitation and deposition 

of waxes further reduced its heat transfer rate owing to the formation of wax crystals with 

some liquid crude oil entrapped within. The lower heat transfer rate below the pour point 

temperature of waxy crude oil could describe the formation of intra-gel voids within the 

gelled crude oil as there would be shrinkage experienced during the cooling. 
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Figure 5. Transient heat transfer coefficient of waxy crude oil. 

 

Effects of Initial Temperature on Gas Voids 

The effects of varying the initial temperature of waxy crude oil on the formation of voids 

near the pipe wall and around the pipe core were investigated. Gas void formation near 

the pipe wall is shown in Figure 7(a). An initial temperature of 50 °C resulted in a 

relatively higher cross sectional void area over many parts of the scanned pipe. The void 

areas were observed to decrease for an initial temperature of 60 °C and increased slightly 

for a start temperature of 70 °C, forming an irregular void distribution along the pipeline 

and indicating the lower effects of initial temperature on void size as there was no wax 

crystal formation in the Newtonian region, as reported in [14]. 
 

 
 

Figure 6. Heat loss from waxy crude oil while cooling. 

 

Figure 7(b) shows the void area distribution around the pipe core. A start 

temperature of 60 °C produced higher cross sectional void areas over the outlet region of 

the scanned pipe ranging from -40 mm to the outlet side compared to other initial 
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temperatures, with a maximum void area of 14 mm2 at 40 mm from the midpoint of the 

pipe. The start temperature resulted in an irregular trend of intra-gel void formation around 

the pipe core. The minimum void areas were measured in the gelled crude oil cooled from 

the start temperature of 70 °C, for which almost no void areas were detected from the 

middle to the outlet region of the scanned pipe. 

 
(a)                                                                 (b)  

Figure 7. Gas void area (a) near pipe wall and (b) around pipe core. 

 
 

Figure 8. Percentage of void volume at different initial temperatures. 

 

Comparisons of Percentage of Void Volume  

The percentages of void volume around the pipe core, near the pipe wall and in the entire 

pipe region are shown in Figure 8 for comparisons. The trend of the total void volume was 

found to decrease as initial temperature increased, with a higher percentage of voids 
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detected at 50 °C (7.48%) and a minimum void volume percentage of 6.58% in the gelled 

crude oil with initial temperature of 80 °C. A maximum void volume of 6.77% was again 

observed at the pipe wall in the sample cooled from an initial temperature of 50 °C. 

However, a minimum void volume of 5.97% resulted when the initial temperature of the 

waxy crude oil was 60 °C. In contrast to what is observed near the pipe wall and in the 

entire pipe, an initial temperature of 60 °C resulted in a maximum void volume around the 

pipe core and the minimum void volume was observed at the initial temperature of 70 °C, 

though the change in void volume was insignificant. In general, it was observed that the 

differences between void sizes for the different initial temperatures were insignificant, 

indicating the lower effect of start temperature on void formation. Moreover, the formation 

of intra-gel voids is eminent below the pour point temperature, as reported in [15-17]. 

 
CONCLUSIONS 

 
The convective heat transfer coefficient of waxy crude oil and the effect of the initial 

temperature of waxy crude oil on intra-gel void formation were investigated 

experimentally. Waxy crude oil underwent cooling in the cold reservoir of the flow loop 

rig at a constant end temperature while varying the initial temperature. The heat transfer 

rate and the convective heat transfer coefficient of waxy crude oil were then calculated 

during the formation of voids in the wax–oil gel. It was observed that the heat transfer 

rate and the convective heat transfer coefficient of gelled crude oil below the wax 

appearance temperature were much lower than that of the Newtonian liquid crude oil. The 

convective heat transfer of gelled crude oil was also observed to be much lower than that 

for liquid crude oil owing to the wax crystals entrapping some liquid crude oil, after which 

the intra-gel void formation is eminent. Besides that, it was found that lower initial 

temperatures, which were higher than the wax appearance temperature, tended to form 

higher void volumes near the pipe wall and in the entire pipe with a maximum change in 

void volume of 0.9% observed between the maximum and minimum initial temperature 

tested. The insignificant influence of the initial temperature on void formation was also 

observed as the wax is liquid above the wax appearance temperature.  
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