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ABSTRACT 

Fouling, a problem since the first heat exchanger was created, has been the focus of 

various studies since the 1970s. In particular, crude oil fouling is a costly and 

problematic type of heat exchanger fouling that occurs in the preheat train to the 

atmospheric distillation column in petroleum refineries. Previous experiments have been 

designed to determine the causes of fouling using less than one gallon of crude oil and 

accumulating test results within a day. These experiments will be the basis of the 

Rotating Fouling Unit (RFU) at Heat Transfer Research Inc. (HTRI). The RFU focuses 

on better controlling the shear stress and heat transfer distribution along the surface of 

the heated test section by analyzing Taylor-Couette flow experiments and using them as 

a basis to better predict the flow across the heated surface of the test section in the RFU. 

Additionally, the equations for Taylor-Couette flow are used to verify the 2D flow 

simulations of the RFU to ensure the accuracy of the results. The design of the RFU 

incorporates data acquisition with a variety of measurements that will facilitate 

automatic and accurate data collection, so the results can be easily compared to previous 

fouling experiments. The RFU will act as a supplement to the High Temperature Fouling 

Unit (HTFU) at HTRI, and provide data comparable to that of the HTFU in order to 

better understand crude oil fouling. Computer simulations can accurately predict the 

shear stress and heat transfer coefficient along the surface of the test probe and help 

verify the improvements made to the original batch stirred cell designs.  
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NOMENCLATURE 

As Surface area m
2 

c2 Shear stress coefficient — 

Cw Axial flowrate coefficient — 

Dh Hydraulic diameter m 

d Gap size m 

h Heat transfer coefficient W/m
2
 K 

k Thermal conductivity of fluid W/m K 

Ls Shared length between inner and outer cylinders m 

l Length of stirring shaft m 

Nu Nusselt number — 

P Pressure Pa 

Pr Prandtl number — 

Q Heat duty W 

q Heat flux W/m
2 

Re Reynolds number — 

Recrit Critical Reynolds number  

Rf Fouling resistance m
2 

K/W 

Ri Inner radius of gap m 

Ro Outer radius of gap m 



 

 v 

rpm Rotations per minute rpm 

Rshaft Radius of shaft  

T Torque N/m 

Ta Taylor number — 

Tb Bulk temperature K 

Tinlet Inlet bulk temperature K 

Ts Surface temperature K 

Twin Inlet wall temperature K 

t Time s 

ui Velocity of inner radius m/s 

uo Velocity of outer radius m/s 

*u   Friction velocity m/s 

y Distance to the nearest well m 

y+ Non-dimensional length scale — 

 Ratio of radii — 

μ Viscosity of fluid N s/m
2 

ν Kinematic viscosity of fluid m
2
/s 

ρ Density kg/m
3
 

τω Shear stress on wall Pa 

ω Rotational velocity rad/s 
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ωi Rotational velocity of inner cylinder rad/s 

ωo Rotational velocity of outer cylinder rad/s 
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1. INTRODUCTION 

Fouling is defined as the “accumulation of unwanted materials on the surface of heat 

exchangers” [1], reducing their heat transfer effectiveness. Crude oil fouling is a 

particularly costly and problematic type of heat exchanger fouling that occurs in the 

preheat train to the atmospheric distillation column in petroleum refineries. Fouling is a 

broad term and refers to any unwanted material, but can be classified into different type 

of fouling. Bott suggests that fouling can be classified into the following seven groups 

[2]: 

1. Crystallization and scaling 

2. Particle deposition   

3. Accumulation of biological material 

4. Chemical reaction 

5. Corrosion of the heat transfer surface 

6. Solidification of process fluid on the surface 

7. Mixed systems and the interaction of mechanisms listed in 1 – 6 above.  

The primary type of fouling in crude oil is chemical reaction fouling, which occurs when 

the composition of the oil undergoes chemical changes and deposits accumulate on the 

heat exchanger surface [3]. There are multiple classifications of chemical fouling, i.e. 

asphaltene adhesion, coking, corrosion, polymerization, and insoluble gum formation. 

Each mode of fouling can be detrimental to the production of crude oil, causing a loss of 
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efficiency in the heat exchanger and an increase in operating costs. Therefore, there has 

been great interest in studying fouling to help mitigate its costly repercussions. 

Over the years, various experiments have been designed and performed to better 

understand the nature of crude oil fouling with the intention of creating sufficient data to 

accurately predict fouling at various conditions. Previous experiments have been 

performed in a variety of different experimental apparatuses, and typically do not use the 

same procedures and methods when testing. However, each provides valuable 

information toward the behavior of crude oil fouling and aids in determining the 

proclivity of fouling in addition to the amount of fouling at various operating conditions. 

Most experiments study fouling with turbulent flow conditions because that is the 

common flow pattern in heat exchangers. In order to compare the experiments, each 

experiment measures key elements that determine the proclivity of fouling, which 

include bulk temperature (Tb), wall temperature (Tw), pressure (P), and flow rate or 

surface shear stress (τw). These apparatuses include but are not limited to, a tubular test 

section, an annular test section, an Alcor
®
 test unit, and a batch stirred cell and will be 

mentioned in more detail later on [4–9]. 

Fouling does not occur instantly, but is considered to be a gradual process with various 

phases. Bott mentions three basic stages of fouling deposition with a moving fluid, 

which are [1]: 

1. The diffusional transport of the foulant or its precursors across the boundary 

layers adjacent to the solid surface within the flowing fluid. 
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2. The adhesion of the deposit to the surface itself. 

3. The transport of material away from the surface.  

Before fouling on the surface occurs, there is an induction period with no accumulation 

of deposits on the heated surface. Various papers have discussed the initiation period and 

the point where fouling begins [10–12]. 

According to Bott, “the accumulation of deposits on the surfaces of a heat exchanger 

increases the overall resistance to heat flow” [1]. Despite having various types of units, 

the method for quantifying the fouling deposit during an experiment remains unchanged: 

find the fouling resistance, commonly referred to as the fouling factor, as it changes over 

a period time. The fouling resistance is found by using thermocouples to measure the 

surface temperature of the test section throughout the experiment and recording the 

change in surface temperature as the fouling deposit accumulates. The measured wall 

temperature, the temperature between the metal wall and the deposit, will increase as the 

fouling deposit increases because the deposit acts as insulation around the probe. The 

relation is shown in the equation below. 

 

0

w b w b
f

t

T T T T
R

q q

    
    
   

  (1) 

In addition to measuring the fouling resistance during the experiment, fouling can be 

quantified after the experiment by measuring the thickness of the deposit and analyzing 

the chemical composition of the fouling deposit.  
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The goal of studying crude oil fouling is to formulate an accurate method for predicting 

the proclivity of fouling in specific conditions and the amount of fouling that will occur 

under the same conditions for various types of crude oils. Heat Transfer Research Inc. 

(HTRI) has a fouling program that has been in place for over 30 years devoted to better 

understanding fouling. Over the years, HTRI has performed various tests to understand 

crude oil fouling under various conditions. The testing at HTRI is continuous, but 

collecting two sets of data takes four to six weeks on the High Temperature Fouling Unit 

(HTFU), limiting the amount of testing performed. The main objective of my thesis is to 

create a batch sized unit to study crude oil fouling to aid HTRI’s fouling program and 

increase the amount of testing that will occur.  
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2. RELEVANT PREVIOUS UNITS 

Multiple experiments have been conducted around the world to better understand crude 

oil fouling. Experiments vary in volumetric capacity and duration, but all provide 

relevant data that can be applied to the field. 

HTRI is bolstering its research efforts by building a batch-sized unit to screen test runs 

for the HTFU and enhance the fouling program at HTRI. The following sections 

describe the existing fouling experiments in more detail. HTRI’s HTFU uses pipe flow, 

not rotational flow, but experiments using rotational flow have been performed outside 

of HTRI. The benefits of operating a rotating fouling unit include a small charge and 

quick turnaround. 

2.1. HTFU 

Since the1990s, HTRI has conducted fouling experimentation in the HTFU to 

understand the key factors that cause crude oil fouling at high temperatures of the 

preheat train.  Experimental setups of the HTFU include an annular test section (1994-

2002) and a tubular test section (2002-present), which is currently the only experimental 

setup for testing crude oil fouling at HTRI [8]. 

The HTFU consists of two heated test sections where fouling deposit can accumulate. 

Current tests in the HTFU require eight gallons of crude oil per run (two data sets) with 

one run lasting from four to six weeks [8]. Thus a complete parametric set of 



 

 6 

experiments necessary to fully characterize the fouling tendencies of a specific crude oil 

can span over many months or years. 

2.1.1. Annular test section 

The original fouling tests in the HTFU used two annular test sections where crude oil 

flowed through a small gap between the cartridge heater (HTRI probe) and the outer 

pipe, and deposit collected on the surface of the heated section of the cartridge heater [9] 

as seen in Figure 1. The long no-heat sections at the ends of the probe allow for fully 

developed turbulent flow to occur across the heated section of the probe. 

Flow

Outer Pipe

Cartridge heater

Heated section

 
Figure 1. Diagram of flow through annular test section [9] 

The annular test section used a custom-made cartridge heater, commonly referred to as 

the HTRI probe and consisted of an insulated, non-heated section and a heated section 

where an even layer of fouling deposit was meant to accumulate [9]. The heated section 

of the probe was designed to maximize the amount of heat delivered to the heated 

surface and to create a uniform temperature distribution along the surface. This section 

consists of a magnesium oxide (MgO) core surrounded by an incoloy sheath, a copper 

bushing, and a stainless steel outer sheath with four thermocouples located 90 degrees 
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apart from one another in between the copper bushing and the outer sheath as shown in 

Figure 2 [9].  

Outer sheath

Copper bushing

Incoloy sheath Power pins

MgO core

MgO fill material

4 thermocouples

 
Figure 2. Cross section of heated portion with four thermocouples [9] 

One of the benefits of the HTRI probe is that the deposit collects on the surface of the 

cartridge heater and can be easily quantified because the probe can be removed from the 

rest of the test section, and an analysis of the deposit thickness can be performed directly 

on the probe.  

2.1.2. Tubular test section 

Currently, the HTFU consists of two heated stainless steel tubular test sections that are 

10.16 cm long with a 1.27 cm inner diameter and surrounded by a carbon steel sleeve. 

The sleeve is heated by radiation from electric furnace wire [8], which is then conducted 

from the sleeve to the surface of the stainless steel tube where fouling deposit 

accumulates. Four pairs of thermocouples are located inside the sleeve to determine the 
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heat flux through the sleeve and the wall temperature of the stainless steel tube [11]. The 

setup of the tubular test section can be seen in Figure 3. 

Furnace wire

Crude oil outCrude oil in

Carbon steel sleeve
Stainless 

steel tube

Thermocouples

 
Figure 3. Side view of tubular test section of HTFU [8] 

2.2. Smaller scale fouling apparatuses 

Due to the extended amount of time spent testing crude oil fouling during a single test 

run, smaller scale experiments with faster turnaround times have been developed to help 

bolster the effort towards better understanding crude oil fouling. These experiments 

include, but are not limited to, the Alcor
®
 test unit [4], the High Temperature Organic 

Fouling Unit [5], and the batch stirred cell [13–16]. 

The Alcor
®
 unit is similar to the HTFU with annular test sections in the sense that the 

crude oil flows through an annulus with a heated inner cylinder, but is significantly 
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smaller, has a significantly lower velocity of up to 0.003 m/s, and is a one-pass system 

[7]. Therefore, the shear stress observed within the experiments is much lower than the 

HTFU, leading to faster test runs and a shorter turnaround time. The gap between the 

heated surface and the outer wall is 0.5 mm, reducing the amount of deposit that can be 

collected as seen in Figure 4. 

Flow in

Flow out

 
Figure 4. Test section of Alcor

®
 unit with annular flow through a gap of 0.5 mm [7] 

The High Temperature Organic Fouling Unit used by Watkinson mimics flow through 

an annulus in a laboratory setting [5]. The pressurized vessel holds the crude oil inside of 

it with recirculation between the gap and the rest of the vessel. A cartridge heater 

protrudes from the bottom of the autoclave and a helical impeller enters from the top and 

is located above the top of the cartridge heater. A tube surrounds the impeller and 

cartridge heater to direct the flow created by the helical impeller across the cartridge 

heater in order to create a turbulent axial flow along the surface of the heater as shown in 

Figure 5. 
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Helical 

impeller

Heated 

section

 
Figure 5. High temperature organic fluid fouling unit [17] 

Batch test cells, rather than through-flow tubular test rigs, have the advantage of shorter 

run times—on the order of hours rather than days or weeks [16] because of the lower 

levels of shear stress introduced to the test surface.  However, the conditions in existing 

batch stirred cells differ substantially from those present in refinery preheat trains—

namely, the level of shear stress at the tube wall and the use of rotational flow.   

The batch stirred cell is similar to other fouling apparatuses in the sense that the major 

variables that affect fouling can be controlled (i.e. bulk temperature, surface temperature, 

and pressure). However, batch cells experience different flow patterns as will be 

discussed more in Section 4. Rotating fouling units vary the shear stress by changing the 
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stirrer speed for various test runs and try to maintain a constant shear stress during each 

test run to maximize the repeatability and accuracy of results. 

In general, the apparatus consists of an electrically-heated cylindrical probe with a 

constant power input where deposits from the crude oil accumulate under specific 

fouling conditions as shown in Figure 6. The probe extends from the base of a one-liter 

vessel maintained at a constant temperature through the use of cooling coils and an 

external band heater. A magnetically driven rotating hollow cylinder circulates the 

hydrocarbon fluid around the test probe. The rotating hollow cylinder exerts a shear 

stress on the heated probe, contributing to the removal of deposits.  

Band 

heater

Stirrer

Magnetic 

drive

Hollow 

cylinder

Heated

probe

Cooling coils

Nitrogen 

sparging

Pressurized 

vessel

 
Figure 6. Simplified drawing of batch stirred cell 
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In addition to stirred batch cells, previous experiments have been performed for the 

fouling of milk, but have used a spinning disc, which allows for the fouling deposit to 

collect with varying shear stress [18,19]. The idea of spinning discs can be applied to 

crude oil fouling with a rotating disc spinning parallel to a heated stationary disc where 

fouling deposit could accumulate. Theoretically, the stationary disc should have a 

deposit with varying thickness along the radius of the stationary disc corresponding to 

the magnitude of shear stress at each point. 

2.2.1. Eaton’s batch stirred cell 

In 1983 Eaton patented a fouling test apparatus comprising of a cylindrical pressure 

vessel, a heated cylindrical probe, and a rotating hollow cylinder concentric with the 

probe [13,14]. This design was the first of its kind because it allowed for the fouling 

proclivity of a crude oil to be tested within a couple of days and without using more than 

a liter of crude oil per run. However, the unit uses rotational flow, which is not 

experienced within heat exchangers and cannot be directly related to real world 

applications.  

After building the first rotational fouling apparatus, Eaton performed preliminary fouling 

tests with the unit to determine the rate of fouling and amount of fouling in a given time 

under specific conditions. After each test run, the accumulated deposits are removed 

from the probe and weighed.  
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2.2.2. Crittenden’s batch stirred sell 

A batch stirred cell, based off of Eaton’s design, was constructed and tested in 

Crittenden’s lab. The major difference from Eaton’s original design is that the cartridge 

heater is covered by a sleeve, so the deposit accumulates on the surface of the sleeve 

instead of directly on the cartridge heater. Together, the cartridge heater and sleeve form 

the probe (test section) of the unit. The sleeve has three thermocouples embedded at 

different heights to measure the temperature of the sleeve and extrapolate the surface 

temperature of the probe as seen in Figure 7. 

In his experiments, Crittenden controls the speed of the magnetic stirrer and measures 

the pressure inside the vessel, and the temperatures of the bulk and probe surface. The 

values are used to determine the fouling resistance as in the HTFU. However, more 

information must be implied in order to achieve the results obtained in Crittenden’s 

experiment. No direct measurement of the shear stress or torque on the shaft was taken. 

After the experiment, the measured values mentioned previously were input into CFD to 

determine the shear stress profile along the probe surface as well as the temperature 

distribution within the probe.  
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B B

Section B-B

Sleeve

Cartridge heater

Heated section

Thermocouples

Thermocouples

 
Figure 7. Heated probe used in Crittenden’s batch stirred cell [16] 

The temperature distribution was made under the assumption that the temperature was 

axially symmetric and that there was no temperature difference at various points along 

the circumference of the probe, which causes concern because as the probe is heated, the 

sleeve and the heater will expand at different rates and could create additional thermal 

resistance between the layers. The sleeve is designed to spread the heat evenly from the 

cartridge heater across the surface of the probe, but also makes the wall temperature 

difficult to predict due to the air gaps that may form with thermal expansion.   
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3. DESIGN OF ROTATING FOULING UNIT (RFU) 

Compared to the HTFU, the RFU is designed to be a much smaller unit (< 1 gal) with a 

quicker turnaround time (on the magnitude of days) for a single test. Before a specific 

set of conditions is tested in the HTFU, similar conditions can be used in the RFU to 

determine whether the conditions seem appropriate for testing in the HTFU. Ideally, the 

RFU, in conjunction with the HTFU, will facilitiate a fouling correlation using 

temperature, shear stress, and time as independent variables like the Ebert-Panchal 

model [20]. In order to compare to the HTFU, the maximum operating conditions of the 

RFU will be the same as the operating conditions for the HTFU with the exception of the 

surface shear stress as seen in Table 1. 

Table 1. Comparison of operating conditions for RFU and HTFU 

Operating condition (maximums) RFU HTFU 

Bulk temperature (°C) 343 343 

Surface temperature (°C) 482 482 

Temperature difference (°C) 139 139 

Pressure (kPa) 6895 6895 

Shear stress (Pa) 3.3 15 

Velocity (m/s) 2.84 3.05 

Volume capacity (gal) 0.74 8 
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The RFU follows the basic design of the batch stirred cell illustrated in Figure 6. Most 

importantly, the design will focus on the gap between the probe and the rotating 

cylinder, specifically the temperature distribution and shear stress distribution along the 

surface of the probe. 

The pressure vessel is made of stainless steel with a maximum capacity of 2.8 liters of 

crude oil. Once the crude oil is heated, the pressure of the unit can be set up to 1000 psia 

by adding nitrogen from the top of the system. Testing begins once the desired pressure 

is reached.  

3.1. Heated probe 

Like other fouling experiments, the RFU must have a heated test section made of a 

material commonly found in heat exchangers, i.e. carbon steel or stainless steel, where 

the fouling deposit can collect and be quantified. In the case of the RFU, the heated test 

section is a probe similar to other batch stirred cells, but is designed to enhance heat 

transfer to the surface and concentrate the heat to a 2.54 cm long section on the surface.  

The maximum temperature difference between the surface temperature of the probe and 

the bulk temperature of the crude oil is 139°C. The maximum heat input required to 

obtain the required temperature difference, assuming the heat transfer coefficient is no 

greater than 2100 W∕m
2
 K, is 600 W, as calculated using equation (2).  

  s s bQ hA T T   (2) 
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The cartridge heater for the RFU is similar to those used for the annular test sections of 

the HTFU, but the layers of the heated section will be shrink-fit together to ensure that 

the surfaces are always connected even after thermal expansion of the materials. The 

layers, from outside to inside, are a 316 stainless steel sleeve, a bronze ring, and a 

cartridge heater. The outside of the 2.54 cm long bronze ring has 4 grooves located 90 

degrees apart to hold 0.5 mm thermocouples to measure the interface temperature 

between the stainless steel and the bronze as shown in Figure 8. The cartridge heater is 

6.35 cm long and consists of two no-heat sections along the ends and a 2.54 cm heated 

section where the fouling deposit will collect. The probe will have a 2.54 cm outer 

diameter and a threaded bottom to screw into the bottom of the pressure vessel as shown. 

2.54 1.272.54

25.4

316 

stainless 

steel

Bronze
Cartridge 

heaterThermocouple

Leads
1.27

Welded 

stainless 

steel cap

0.64 0.64

Insulation

Swagelok 

fitting

All dimensions 

in cm

Figure 8. Dimensioned drawing of new heated probe for RFU 

Figure 9 shows the proposed dimensions of the heated cross section to ensure that the 

layers are always in contact, allowing for a more even temperature distribution. The 

basic design for the heated cross section resembles the heated cross section used for the 
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annular test section of the HTFU with the main differences being smaller thermocouples 

and use of bronze instead of copper and the use of shrink-fitting to assemble the pieces 

together. The bronze will be used in an attempt to attain a more uniform temperature 

reading so that the thermocouple will always be in contact with the interface. Eaton’s 

fouling apparatus had only one thermocouple to determine the surface temperature, and 

Crittenden’s batch stirred cell had three thermocouples to determine the surface 

temperature, while the design for the new RFU has four thermocouples located at the 

same height to help accurately measure the surface temperature along the outer surface 

of the probe. 

Ø2.54±0.013

Ø2.117±0.0025

Ø1.547±0.0025

Ø0.06±0.01
Thermocouple

316 stainless steel

Bronze

Cartridge heater

All dimensions in cm

 
Figure 9. Cross section view of heated section of probe 
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3.2. Rotating hollow cylinder  

For the RFU, the rotating hollow cylinder is used to create fluid motion around the 

surface of the heated probe, thus inducing a shear stress along the surface as well. The 

hollow cylinder rotates concentrically around the heated probe with a 3.2 mm radial gap 

between the surfaces. In previous experiments with stirred batch cells the top of the 

hollow cylinder does not allow for recirculation of the fluid from the gap to the rest of 

the fluid. Eaton’s rotating cylinder has a solid top and Crittenden’s has four small vent 

holes, while the RFU has six 6.35 mm vent holes to maximize the amount of crude oil 

flowing through the gap as seen in Figure 10. The inside surface of the hollow cylinder 

(Ro = 15.9 mm) and outside surface of the heated probe (Ri = 12.7 mm) form a gap of 3.2 

mm for test fluid flow. 

102

35

15.9

Ri=12.7

Ro=15.9

Gap

Rshaft=7.9

All dimensions in mm

 
Figure 10. Dimensioned drawing of rotating hollow cylinder (mm) 
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In this setup of a rotating outer cylinder and a stationary inner cylinder, there are specific 

elements that are important including the height-to-gap ratio and the ratio of the gap size 

to the radius of the outer cylinder. These values dictate the flow between the cylinders 

and each ratio directly impacts the onset of turbulence and the flow patterns experienced. 

Table 2 compares these specifications of the RFU to those of the previous batch stirred 

cells. 

Table 2. Comparison of RFU to previous batch stirred cells 

Specification RFU Eaton [14] Crittenden [16] 

Gap (mm) 3.2 3.2 21 

Max stirrer speed (rpm) 1700 1000 400 

Height/Gap 24 8 3.2 

Gap/Router 0.2 0.2 0.63 

Max shear stress (Pa) 3.2 - 1 

Volume capacity (L) 2.8 1 1 

 

3.3. Remaining parts of the RFU 

The design of the RFU focuses on the design of the cartridge heater and the rotating 

hollow cylinder, but also consists of a pressurized vessel and a mechanism for 

maintaining a constant bulk temperature and other elements. The vessel consists of a 

stainless steel pipe with two flanges on the top and bottom with split rings to clamp 

around the flanges, preventing the vessel from leaking. The top and bottom of the test 
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section can be removed easily, making the unit easier to clean and inspect fouling 

deposits. The bottom flange contains a drain with a valve to manually release the crude 

oil from the pressurized vessel, and the top flange has ports for two thermocouples, a 

pressure gage, cooling coil inlet and outlet, a rupture disc, a relief valve and the 

magnetic stirrer as seen Figure 11.  

Pressure gauge

Nitrogen inlet

Pressurized 

vessel (2.8 L)

Drain valve

Probe

Swagelok fitting

Rotating hollow 

cylinder

Cooling coil 

outlet

Magnetic stirrer

 
Figure 11. Final design of RFU manufactured by Parr Instruments 
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The entire unit rests on a stand with a pneumatic lift used to remove the bottom section 

from the top section in order to analyze the fouling deposit on the probe and to allow for 

easy cleaning of the unit, providing a quick turnaround time. The stand allows for the 

removal of the bottom flange or the bottom flange with the middle portion. Having the 

unit in three pieces gives the RFU more versatility than its predecessors and allows for 

more flexibility in the future when setting up fouling experiments 

To maintain a constant bulk temperature, the RFU is equipped with a 2000 W external 

band heater surrounding the vessel to heat the crude oil, and stainless steel spiral cooling 

coils with dynalene flowing through them to cool down the unit. The cooling coils are 

part of a cooling loop consisting of an expansion tank, a pump, and an air-blown cooler 

to cool the crude oil in the RFU as illustrated in Figure 12. The cooling coils also allow 

for the crude oil to be cooled faster after a test run is complete, thus shortening the 

turnaround time.  
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Figure 12. P&ID of RFU and cooling loop 
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4. VALIDATION OF DESIGN: SHEAR STRESS 

Previous studies show shear stress leads to the removal of fouling deposits from the 

heated surface. In the RFU fluid flow induced by a hollow cylinder rotating 

concentrically around the probe creates a uniform shear stress along the surface of the 

probe. This type of flow is commonly referred to as Taylor-Couette flow [21,22], and is 

depicted in Figure 13. 

Outer radius 

(Ro) of gap 

Outer cylinder 

with angular 

velocity (ωo) 

Inner radius 

(Ri) of gap 

Inner cylinder 

with angular 

velocity (ωi) 

Gap

Height

Axis of rotation

 
Figure 13. Standard setup of Taylor-Couette Flow 

In order to determine the shear stress on the probe surface, the flow must be defined as 

either turbulent or laminar via analysis using CFD and documents pertaining to the 

analysis of Taylor-Couette flow. Sufficient data exists on laminar Taylor-Couette flow. 

Chhabra’s book [23] on rheology sufficiently describes the equations for shear stress on 
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the surface of a stationary inner cylinder with a rotating outer cylinder as seen in 

equation (3) 

 
2 2

2 2 2
2 o

i o

i i o

R R
R R R


 


  (3) 

For laminar flow, the torque of the cylinder is related to the surface shear stress by 

equation (4). 

 22w oT R l   (4) 

For the case of Taylor-Couette flow, laminar flow is better understood than turbulent 

flow. However, Taylor [21,22] performed extensive research on turbulent flow between 

concentric cylinders and is accredited with the most in-depth analysis of such flow. 

Figure 14 shows the relation of the torque coefficient of an inner rotating cylinder with 

an outer stationary cylinder to the Taylor number of the flow used in Schlichting’s book 

[24] to illustrate the transition from laminar to turbulent flow.  
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Figure 14. Critical speeds for transition from laminar to turbulent in Taylor-Couette flow 

[24] 

The Taylor number is a non-dimensional value that characterizes the flow similar to the 

Reynolds number, but is specific for Taylor-Couette flow as defined by equation (5). 

 i i
a

i

R d d
T

R




  (5) 

However, this Taylor number is specifically for a rotating inner cylinder, and even 

though there are similarities in the setup and the flow between the cylinders, the type of 

flow that occurs and the transition region is not the same for a rotating outer cylinder, 

but serves as a benchmark for defining the flow between cylinders for the RFU. 
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In addition to running experiments with a rotating inner cylinder, Taylor performed 

experiments with a rotating outer cylinder. There are two distinct curves for the critical 

speed of the rotating cylinder based on which cylinder is rotating as seen in Figure 15. 

 
Figure 15. Onset of turbulence in Taylor Couette flow [22] 

Despite multiple papers pertaining to Taylor-Couette flow, the exact point where the 

flow transitions from laminar to turbulent flow varies among experiments. Some 

experiments use the Taylor number to determine a correlation to the flow behavior, but 

for consistency, this paper will use the Reynolds number defined by equation (6). 
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Taylor’s experiment focuses on an idealized experiment where the concentric cylinders 

are long (height-to-gap ratio ~100) as seen in Figure 16, making the experiment less 

applicable to the RFU. Taylor’s papers suggest that the critical Reynolds number is 

50,000 and the onset of turbulent patterns begins at 18,000. 

d

Ground 

support

Height

Fill/drain

Wall 

bracket
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Figure 16. Original setup of Taylor-Couette flow [21] 
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However, the critical Reynolds number is significantly lower when the length of the 

rotating cylinders decreases as shown by Bagnold’s experiment [25]. Bagnold conducted 

tests for various Reynolds numbers starting with 8,800 and all of the tests were found to 

have turbulent flow, which disputes the critical Reynolds number found by Taylor. The 

most significant difference between Bagnold and Taylor’s experiment is the height-to-

gap ratio, which can be seen in Figure 17.  

d

Height

Ro

Ri

Torque spring

 
Figure 17. Experimental setup used by Bagnold [26] 

Taylor conducted his experiment with a ratio from 99 to 144, while Bagnold conducted 

his experiment with a ratio of 4.6 [26]. The height to gap ratio of the proposed RFU is 

24, which is closer to the value in Bagnold’s experiments.  A complete comparison of 

these experimental setups can be seen in Table 3. 
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Table 3. Comparison of concentric cylinder configuration in RFU to other experiments 

[26] 

Variable Bagnold  Taylor RFU 

Case 1 Case 2 

Height/d 4.6 99 141 24 

d/Ro 0.19 0.15 0.21 0.2 

Recrit < 8800 10000 20000 TBD 

 

Bagnold’s experiments directly measured the torque on the stationary cylinder by using 

a spring to help keep the inner cylinder stationary [25]. Bagnold’s experiment used water 

with small grains of sand mixed in and developed the following equation that also 

depends on the particle size of a grain of sand. The size of the particles within the crude 

oil being tested in the RFU was assumed to be 0.002 m in diameter, and the constant c2 

was assumed to be 0.0325. 

 
1.5

2 2
Rew c

D





   (7) 

To predict the shear stress along the surface of the probe, CFD simulations were 

performed on the geometry of the RFU, which is explained in more detail in section 6. A 

comparison of Bagnold’s formula to turbulent CFD simulations for the proposed design 

of the RFU along with a comparison of the laminar equations to laminar CFD models of 

the RFU can be seen in Figure 18. For low Reynolds number, the laminar CFD matches 

the laminar equation well, but deviates as the Reynolds number increases, leading to 

speculation that the flow might be transitioning between laminar and turbulent flows 
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when the laminar CFD starts to deviate from the formula. The turbulent CFD models 

align well with Bagnold’s formula, leading us to believe that the flow is turbulent at 

higher Reynolds number. However, the critical Reynolds number is still unknown, but 

further research will be performed to more accurately predict the transition between 

laminar and turbulent flow. 

 
Figure 18. Comparison of laminar and turbulent CFD simulations to laminar and 

turbulent formulas of Taylor-Couette flow with rotating outer cylinder and stationary 

inner cylinder  
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5. VALIDATION OF DESIGN: HEAT TRANSFER COEFFICIENT 

In order to decipher the data acquired during a test run in the RFU as it pertains to 

fouling, the heat transfer along the surface of the heated stationary inner cylinder must 

be well understood. Crittenden’s experiment [15] relies heavily on the results from CFD 

to determine the temperature distribution, but we strive to find a correlation that exists in 

literature to help us understand the heat transfer along the surface of the inner cylinder in 

addition to the use of CFD. 

As mentioned previously, the experiments will be conducted predominantly in turbulent 

flow to effectively mimic the conditions of the HTFU. The previous section explored 

experimental setups of Taylor-Couette flow that studied the flow between the gap and 

the shear stress along the surface of the stationary cylinder but did not discuss the heat 

transfer within the gap. Similar to the studies of Taylor-Couette flow, the configuration 

with an inner cylinder rotating is more common than with an outer cylinder rotating. To 

better understand the heat transfer in the RFU, the Nusselt number obtained from CFD 

simulations is compared to existing equations of the Nusselt number for various types of 

flow described below. 

The Dittus-Boelter equation is used for turbulent flow in a pipe, as shown in equation (8)

[27]. The equation relates the Nusselt number with the Reynolds number to the 4/5
th

 

power and the Prandtl number to the 2/5
th

 power. The configuration of pipe flow, as seen 

in figure Figure 19, differs from that of the RFU, but provides a benchmark for 

predicting the Nusselt number along the surface of the probe in the RFU.  



 

 33 

 
0.8 0.4Nu 0.23Re Pr   (8) 

 
Figure 19. Flow through a pipe 

Lee ran experiments to determine heat transfer characteristics in a coaxial system with 

one cylinder rotating for various configurations of concentric cylinders experiencing 

Taylor-Couette flow [28]. The configuration most similar to the RFU focuses on the heat 

transfer along a grooved outer rotating cylinder with a stationary inner cylinder as shown 

in Figure 20. This is similar to the RFU in the sense that the outer cylinder is rotating but 

dissimilar to the RFU because the Nusselt number along the surface of the rotating 

cylinder is found, not of the inner cylinder. Also, the outer cylinder is grooved unlike the 

rotating cylinder in the RFU. Lee’s paper plots Nu/Pr
0.4

 against the Taylor number, 

which has been plotted in terms of Nusselt number versus Reynolds number in Figure 

23. 
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cylinder
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Figure 20. Taylor-Couette flow setup for Lee’s experiment 

In addition to Taylor-Couette flow, there are various papers that study the heat transfer 

inside Taylor-Couette-Poiseuille systems, including Poncet’s paper [29], which focus on 

the flow between rotating concentric cylinders with an axial flow being applied as shown 

in Figure 21.  Equation (9) shows the correlation that Poncet developed for Taylor-

Couette-Poiseuille flow where    is the axial flow coefficient. In order to compare the 

formula to the RFU, an arbitrarily low value was chosen for the axial flow coefficient (

37.6 10wC   ). The number was chosen to best match the CFD and is reasonable 

because no axial flow was induced except by natural convection. 

 0.82 0.3 0.09

WNu 0.0291Re Pr C   (9) 
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Rotating inner 

cylinder
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Figure 21. Taylor-Couette-Poiseuille flow for Poncet’s experiment 

Donne’s paper analyzes heat transfer in turbulent flow inside of an annulus with a heated 

inner cylinder [30]. The inner cylinder has a constant heat flux and the flow is turbulent, 

however the flow is axial as seen in Figure 22. Despite a different flow pattern, the 

geometric configuration is similar and might prove useful for predicting the heat transfer 

coefficient along the surface of the probe. 

Constant heat 

flux
 

Figure 22. Annular flow used in Donne’s experiment 
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Equation (10) [30] shows a relation between the Nusselt, Reynolds, and Prandtl numbers 

like other correlations, but also shows a dependence on the radius ratio of the concentric 

cylinders.  
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  (10) 

The heat transfer coefficient on the surface of the stationary cylinder was determined in 

the CFD simulation and compared to various correlations from various sources 

pertaining to the calculation of the Nusselt number in turbulent flow conditions. The 

comparison of the CFD to the previously mentioned equations and experiments can be 

seen in Figure 23. 

 
Figure 23. Comparison of Nusselt number from CFD with literature correlations 
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The plot shows that the equations for different types of turbulent flow configurations 

provide a reasonable estimate for the trend of the Nusselt number versus the Reynolds 

number along the surface of the heated probe when compared to the CFD. The results of 

the CFD are approximately close to existing models of determining the Nusselt number 

in turbulent flow systems (< 35% difference), especially Donne’s model (< 10% 

difference). Even though no direct correlation exists for determining the Nusselt number 

for the configuration of concentric cylinders found in the RFU, comparing the CFD 

results to other turbulent models for various configurations suggests that the Nusselt 

number is directly related to the 4/5th power of the Reynolds number for turbulent flow 

in the RFU for higher Reynolds number (Re > 5000). For Re < 5000, the Nusselt number 

from CFD is higher than most correlations predict. This may be attributed to the 

buoyancy of the fluid as it rises along the surface of the probe. 

The heat transfer coefficients obtained from the CFD simulations at various stirrer 

speeds are used in the design of the RFU for determining the amount of heat needed 

from the cartridge heater, but were tested at an arbitrarily low heat flux to create a 

maximum temperature difference  w bT T  of around 15 K. As fouling deposit 

accumulates, heat transfer along the surface of the inner cylinder will change. The 

fouling deposit will naturally have a lower thermal conductivity than the stainless steel 

of the stationary inner cylinder, acting as an insulator, and will impact the heat transfer 

coefficient along the surface of the probe. The metal wall temperature will increase as 
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the fouling deposit increases. Future CFD simulations can be created to simulate fouling 

and the effects of fouling on the surface heat transfer.  
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6. USE OF CFD FOR MODELING THE RFU 

In order to predict the shear stress and heat transfer coefficient in the RFU using CFD 

mentioned in sections 4 and 5, the mesh must be well-made to ensure that the CFD 

provides a nearly grid-independent solution. For this experiment ANSYS 

DesignModeler
®
 was used to create the 2D geometry of the RFU, and was then meshed 

using ANSYS Mesh
®
. The mesh was imported into FLUENT

®
 where the boundary and 

initial conditions were set and simulations were run for 10,000 iterations. 

6.1. Geometry of the RFU using DesignModeler 

The geometry used for the mesh is created with the same dimensions as the actual unit. 

The most critical section of the unit is the gap between the heated section of the probe 

and the rotating hollow cylinder. We would like to accurately predict the temperature 

distribution throughout the probe and accurately represent each part of the probe, 

including the cartridge heater, the bronze ring, and the outer stainless steel tube as seen 

in Figure 24. The cooling coils are represented by circles cut out from the geometry and 

the heated portion of the cartridge heater is represented by a rectangle cut out from the 

cartridge heater. Because the unit is symmetrical, the axis is on the left hand side of the 

sketch of the geometry. All rotation occurs about this axis. 



 

 40 

 
Figure 24. Geometry of RFU used in CFD simulations 

When simulating the RFU, 2D simulations with axi-symmetric swirl were used because 

the unit is for the most part symmetric and modeling in 2D will give us a general idea of 

the flow and allow us to predict the shear stress and heat transfer coefficient along the 

heated probe.  The only part that is not axially symmetric is the top of the rotating 

cylinder with six 6.35 mm holes in the top to allow fluid to flow through. The top of the 

cylinder is modeled to be empty and allow the fluid to flow axially through the gap. This 

simplified model will give an estimate of the flow around the 2.54 cm heated section of 

interest. Currently, no 3D simulations have been performed, but may be performed in the 

future to provide a more in depth analysis of the RFU.  
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6.2. Mesh of the RFU using ANSYS Mesh
®
  

CFD depends heavily on the quality of the mesh, and the results obtained from one mesh 

can differ from another even if the geometry for each simulation is the same. The 

objective is to refine the mesh until the solution results between two successive meshes 

to less than 5 percent for the shear stress, heat transfer coefficient, and temperature. By 

limiting the difference between two meshes, the results from the finest mesh can be 

assumed to be a sufficiently accurate prediction of the flow and heat transfer within the 

actual system. Even though predictions may not always be exact, they provide a good 

benchmark for effectively gauging the capabilities of the RFU. 

CFD simulations for three different meshes of the RFU were compared. Initially, one 

mesh was created and was refined twice along the surface of the probe and the rotating 

hollow cylinder to create better resolution along those surfaces. The y+ value is a non-

dimensional distance based on the friction velocity along the wall, the size of the mesh, 

and the kinematic viscosity of the fluid and is defined by Equation (11). A lower y+ 

value (< 1) is desirable because a finer mesh resolves boundary layer gradients to more 

accuracy.  Table 4 shows the comparison of y+ values for each mesh size used in this 

study using a rotational speed of 2000 rpm. 

 *u y
y


    (11) 
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Table 4. Comparison of mesh size and y+ values for three different meshes 

Mesh Size  

(# of Cells) 

Probe 

y+ 

Hollow 

Cylinder y+ 

141343 5.875 11.601 

278092 0.766 1.533 

434386 0.379 0.764 

 

Figure 25 shows the refinement along the surface of the probe and the rotating hollow 

cylinder in a zoomed-in portion of the gap. The refinement occurs on both sides of the 

surface in an effort to obtain more accurate results inside the gap and along the surface 

of the probe. 

 
Figure 25. Side-by-side view of the three meshes zoomed in at the gap between cylinders 
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6.2.1. Setup of the mesh using FLUENT® 

In order to select the proper mesh to use for all future simulations, each mesh was run 

for 10,000 iterations at 2000 rpm using the fluid properties for a specific crude oil with 

identical initial and boundary conditions using the k-omega turbulence model, as shown 

in Table 5. The laminar model was used for the laminar comparison previously shown in 

Figure 18. All other simulations have used the turbulent model. Within FLUENT
®
 the 

two most important boundary conditions set are momentum and temperature boundary 

conditions. The momentum boundary conditions only apply at surfaces where there is a 

solid-fluid interface. When modeling the RFU, three types of thermal boundary 

conditions can be set: a constant temperature, a constant heat flux, or a convection 

coefficient. For the case of these experiments, an arbitrarily low constant heat flux was 

chosen for the cartridge heater and a constant temperature was chosen for the cooling 

coils. 

The mesh results can be compared at various initial conditions and boundary conditions 

to help further validate the use of the finest mesh for the expected results, i.e. the shear 

stress and heat transfer coefficient mentioned in the previous two sections. To determine 

a mesh to use for all future simulations, this set of simulations was performed at a stirrer 

speed (2000 rpm) higher than the maximum stirrer speed (1700 rpm) of the RFU to 

ensure that the same mesh could be used for lower stirrer speeds because y+ values 

decrease as the stirrer speed decreases, and low y+ values are more desirable. 
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Table 5. Boundary conditions used in FLUENT
® 

for mesh comparison 

Surface 
Boundary Condition 

Momentum Thermal 

Cooling coils no-slip; 0 m/s isothermal; 490 K 

Stirrer w/ cup 2000 rpm adiabatic; 0 kW/m
2
 

Heated 

portion of 

cartridge 

heater 

no-slip; 0 m/s diabatic; 40 kW/m
2
 

 

6.2.2. Comparison of the results from various meshes  

As mentioned previously, the most significant difference between each mesh is the y+ 

value, which decreases as the mesh along the boundary is enhanced. In order to 

determine how effective the mesh enhancement is, the results along the surface of the 

probe, where the mesh was enhanced, should be compared. Figure 26 shows the 

calculated shear stress along the surface of the probe for each mesh while Figure 27 

shows the calculated heat transfer coefficient along the surface of the probe for each 

mesh. Both graphs suggest that as the mesh is refined, the results converge to a single 

solution, making any further refinement unnecessary.. 
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Figure 26. Comparison of the shear stress along the heated section of the probe for three 

meshes 

 
Figure 27. Comparison of the heat transfer coefficient along the heated section of the 

probe for three meshes 
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Therefore the mesh with 434,386 cells was used for all future comparisons and 

simulations of the RFU. 

6.3. Results from the CFD at 1600 rpm 

In addition to predicting the shear stress and heat transfer coefficient along the heated 

surface of the probe, CFD is used to predict flow patterns that occur in the RFU. At 

lower stirring speeds, the dominant flow occurs from the buoyancy of the crude oil as it 

is heated by the heated probe. This causes the crude oil to flow upward through the gap 

and allows for recirculation of the fluid, preventing the crude oil from remaining 

stagnant and cooking along the surface of the probe. As the stirrer speed increases, the 

tangential velocity becomes more dominant and heavily impacts the shear stress along 

the surface of the probe. Knowing the flow pattern of the crude oil inside of the RFU is 

important when trying to relate the results from the RFU to the HTFU. All initial 

simulations to obtain results with a stirrer speed of 1600 rpm were performed with the 

boundary conditions found in Table 6. 

Table 6. Boundary conditions in FLUENT
®
 for results at 1600 rpm 

Surface 
Boundary Condition 

Momentum Thermal 

Cooling coils no-slip; 0 m/s isothermal; 490 K 

Stirrer w/ cup 1600 rpm adiabatic; 0 kW/m
2
 

Heated 

portion of 

cartridge 

heater 

no-slip; 0 m/s diabatic; 40 kW/m
2
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The flow pattern comparisons were made at a stirrer speed of 1600 rpm because it is a 

more accurate representation of the capability of the RFU than the 2000 rpm that was 

used for comparison purposes. Figure 28 shows the contour plot of the axial velocity in 

the RFU with a stirrer speed of 1600 rpm.  

 
Figure 28. Axial velocity contour plot of the RFU at 1600 rpm 

The axial velocity inside the gap is important primarily due to the recirculation of the 

crude oil within the RFU, but the primary cause of the shear stress on the probe and the 

dominant flow of the RFU is the tangential velocity. As noted in Figure 29, the velocity 

is greatest near the wall of the rotating hollow cylinder, specifically in the gap of interest 

with a stirrer speed of 1600 rpm. By comparison, the tangential velocity is over ten times 

greater than the axial velocity, thus acting as the primary source of the shear stress. 
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Figure 29. Tangential velocity contour plot of the RFU at 1600 rpm 

As mentioned previously, the probe heats the crude oil, leading to recirculation from 

buoyancy. This continually refreshes the crude exposed to the heated surface, reducing 

the chance of eliminating fouling precursors. The flow pattern of the fluid at 1600 rpm is 

shown below in Figure 30.  
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Figure 30. Velocity vectors of flow in RFU at 1600 rpm shaded with temperature 

gradient  

The most important aspect of the RFU is the gap because that is where the flow along 

the test surface occurs and where the heating of the fluid occurs. Figure 31 shows three 

enlarged images of the heated portion of the gap to demonstrate the upwards flow from 

the effects of buoyancy as the fluid is heated. The flow is upwards, showing that the 

crude oil will be recirculating through the gap and travelling from the bottom to the top 

of the unit.  
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Figure 31. Enlarged image of the heated section of the gap at 1600 rpm showing the 

temperature, tangential velocity and axial velocity of the fluid 

To better understand the magnitude of the velocity, Figure 32 shows the tangential 

velocity of the fluid inside the gap at three heights: above the heated section, below the 

heated sections, and at the center of the heated section. For FLUENT
®
, the tangential 

velocity is the velocity into the page or around the axis. The tangential velocity does not 

change significantly for the various heights because the hollow cylinder is the main 

driving force of the fluid and the cylinder is moving at a constant stirring speed. The 

slight difference in the tangential velocity can be attributed to the change in density that 

occurs as the fluid is heated and moves through the gap. 
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Figure 32. Comparison of velocity in the gap at three different heights at 1600 rpm 

The predominant flow inside the gap is tangential and is caused by the rotating hollow 

cylinder, however axial flow also occurs due to buoyancy of the fluid as the fluid is 

heated by the cartridge heater. The buoyancy also leads to recirculation of the fluid 

inside the unit and can be seen at three different heights with a constant stirrer speed of 

1600 rpm in Figure 33. At all three heights, the fluid is moving upwards through the gap 

and then recirculates downward into the remainder of the vessel. 
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Figure 33. Axial velocity at three different heights in the RFU at 1600 rpm 

6.4. Comparison of results at varying rpm 

The RFU was designed to operate at a variety of rotation speeds up to 1700 rpm so that 

fouling experiments can be performed at different levels of shear stress. However, 

different rotation speeds lead to different flow patterns within the unit, which can be 

predicted through the use of CFD. Simulations were run for rotational speeds ranging 

from 0 to 2000 rpm. The boundary conditions used for this comparison can be found in 

Table 7. 
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Table 7. Boundary conditions used in FLUENT
®
 for comparison of rotation speeds from 

0 to 2000 rpm 

Surface 
Boundary Condition 

Momentum Thermal 

Cooling coils no-slip; 0 m/s isothermal; 490 K 

Stirrer w/ cup 0-2000 rpm adiabatic; 0 kW/m
2
 

Heated 

portion of 

cartridge 

heater 

no-slip; 0 m/s diabatic; 40 kW/m
2
 

 

Figure 34 shows the tangential velocity in the gap at the middle of the heated section 

(6.88 cm from the bottom of the unit) for various rotational speeds from 0 to 2000 rpm. 

The velocity at the surface of the probe (0 m/s) and the velocity along the rotating 

hollow cylinder (Roωo) are the same for each stirrer speed and at every height in the gap 

as the specified boundary condition. The main difference in velocity occurs within the 

gap. As expected, the tangential velocity is higher for higher rotation speeds of the 

hollow cylinder. 
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Figure 34. Tangential velocity in the gap of the RFU at the center of the heated section 

(6.98 cm) 

In addition to comparing the tangential velocity in the gap for various stirrer speeds, the 

axial velocity at three heights across the entire width of the unit are compared to further 

illustrate the recirculation that occurs inside the RFU. Figures 35 to 37 show the axial 

velocity across the width of the unit 4.45, 6.98, and 9.53 cm from the bottom of the unit 

respectively. For stirrer speeds between 400 and 1600 rpm, the flow pattern appears to 

be similar with the higher stirrer speeds having greater magnitudes of axial velocities. 

However, comparing the axial velocities from each height at 200 rpm suggests that the 

point where the difference in buoyancy affects the axial direction of the fluid along the 

outer surface of the rotating hollow cylinder is higher than 9.53 cm from the bottom of 

the probe, and for 2000 rpm suggests that point is lower than 6.98 cm from the bottom. 

These plots show that an increased stirrer speed does not increase the tangential speed 
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only, but the magnitude of axial velocity as well. However, the tangential velocity is still 

predominant and creates the majority of the shear stress on the surface of the probe. 

 
Figure 35. Axial velocity along entire width of unit at a height of 4.44 cm 
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Figure 36. Axial velocity along entire width of unit at a height of 6.98 cm 

 
Figure 37. Axial velocity along entire width of unit at a height of 9.53 cm 
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In addition to predicting the flow pattern inside the gap of the RFU, the temperature 

profile at three different heights in the gap was compared as seen in Figures 38 to 40. 

Even with the same heat flux from the cartridge heater, the temperature of the fluid 

depends on the rotation speed. For lower rotational speeds, the temperature is higher as 

expected. 

 
Figure 38. Temperature distribution in the gap below the heated section (4.44 cm from 

bottom of vessel) from 0 to 2000 rpm 
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Figure 39. Temperature distribution in the gap at the center of the heated section (6.98 

cm from bottom of vessel) from 0 to 2000 rpm 

 
Figure 40. Temperature distribution in the gap above the heated section (9.53 cm from 

bottom of vessel) from 0 to 2000 rpm 
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In addition to the fluid temperature decreasing as the rotational speed increases, the 

temperature on the probe decreases as the rotational speed increases, as seen in Figure 

41. The higher heat transfer coefficients at higher rotational speeds result in the decrease 

in bulk and wall temperatures. 

 
Figure 41. Temperature distribution on heated surface of probe for various rpm 

6.5. Comparison of the results at varying heat flux from the cartridge heater 

After comparing the results at various stirring speeds to each other, the results at 1600 

rpm and four different heat fluxes were compared. Increasing the heat flux of the heated 

section of the probe means that the temperature of the fluid in the gap should increase 

and the temperature profile in the gap will change to reflect the change in heat flux. The 

boundary conditions of the simulations are shown in Table 8. 
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Table 8. Boundary conditions used in FLUENT
®
 for heat flux 

Surface 
Boundary Condition 

Momentum Thermal 

Cooling coils no-slip; 0 m/s isothermal; 490 K 

Stirrer w/ cup 1600 rpm adiabatic; 0 kW/m
2
 

Heated 

portion of 

cartridge 

heater 

no-slip; 0 m/s diabatic; 0-40 kW/m
2
 

 

Figure 42 shows a comparison of the tangential velocity of the fluid at the center of the 

heated portion inside the gap. Even with a significant change in the heat flux applied to 

the cartridge heater, the tangential velocity remains the same.  

 
Figure 42. Tangential velocity in the gap of the RFU at the center of the heated section at 

four different heat fluxes (6.98 cm) 
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The axial velocity is similar despite a significant increase in heat flux, but the most 

noticeable difference occurs inside the gap where the fluids moves upwards twice as fast 

as seen in Figure 43. This can be attributed to the buoyancy of the fluid and the increase 

in the temperature of the fluid. 

 
Figure 43. Axial velocity along entire width of unit at a height of 6.98 cm at four 

different heat fluxes 

The temperature distribution in the gap is shown at three different heights in Figures 44 

to 46. As the heat flux applied to the cartridge heater is increased from 40 kW/m
2
K to 

400 kW/m
2
K, the mean bulk temperature increases by nearly 30 K. Figure 45 shows that 

the difference between the wall temperature and the bulk temperature increases as heat 

flux increases, up to a value close to 100 K, which is near the maximum temperature 

difference that the RFU was designed for. 
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Figure 44. Temperature distribution in the gap below the heated section (4.44 cm from 

bottom) at four different heat fluxes 

 
Figure 45. Temperature distribution in the gap at the center of the heated section (6.98 

cm from bottom) at four different heat fluxes 
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Figure 46. Temperature distribution in the gap above the heated section (9.53 cm from 

bottom) at four different heat fluxes 

As mentioned previously, the increase in heat flux caused the bulk temperature to 

increase by nearly 30 K. The increase in heat flux also caused the surface temperature of 

the heated section to increase by over 100 K. The temperature distribution at 400 kW/m
2
 

is still uniform near the center of the heated section but has lower temperatures near the 

edges of the heated section as shown in Figure 47. The temperature on the surface of the 

heated section can vary up to 30 K.  
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Figure 47. Temperature distribution on heated surface of probe at four different heat 

fluxes 

Lastly, the heat transfer coefficient along the surface of the heated section was compared 

for each of the heat fluxes tested. Ideally, the heat transfer coefficients should be similar 

but will vary because of the change in density exhibited by the fluid with a change in 

temperature. The higher heat flux cause the bulk temperature to increase and the density 

of the fluid to decrease which will impact the Nusselt number and in turn impact the heat 

transfer coefficient as seen in Figure 48. 
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Figure 48. Heat transfer coefficient along the surface of the probe at four different heat 

fluxes 
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7. CONCLUSIONS 

The RFU has the capabilities of reaching the same pressures, surface temperatures, and 

bulk temperatures as the HTFU. Unlike the HTFU, the RFU will hold 2.8 L, will run 

within one day, and will be a self-contained unit. The RFU extends the previous batch 

stirred cell units of Eaton and Crittenden, but is intended to: 

 improve the uniformity of temperature distribution along the surface of the 

probe 

 increase the number of measurements taken, especially the temperature 

 improve the distribution of shear stress along the heated surface of the probe 

 augment the recirculation of crude oil within the pressurized vessel  

 reduce the dependency on CFD simulations for data interpretation. 

The RFU has a broader spectrum of measurements than previous experiments to more 

accurately predict the shear stress and temperature distribution on the surface of the 

probe. The CFD simulations will not be relied on as heavily to determine the results 

from the experiment, but will be used for validating the results obtained in the RFU. 

Future CFD simulations can study the shear stress, heat transfer coefficient, and flow 

patterns with various boundary conditions, i.e. outer wall temperature, cooling coil 

temperature, cartridge heater heat flux, etc. Additionally, the properties of multiple crude 

oils can be used for other simulations. Ideally, the CFD will be used more in the future to 

predict fouling inside of the RFU and 3D models could be used to better understand the 

flow in the gap and to visualize the Taylor vortices that may occur.  
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CFD simulations have been performed to better understand the flow and heat transfer in 

the RFU, especially in the gap where fouling data will be collected. The simulations 

include different flow and heat transfer conditions, covering the ranges of fouling 

experiments. The CFD simulations performed in this thesis are comparable to the 

predictions of shear stress and heat transfer coefficient using correlations from the 

literature and can be applied for future experimental test runs. Preliminary heat transfer 

tests will be conducted to evaluate the CFD simulations and the correlation predictions 

and develop correlations for analyzing fouling data.  

The design described herein has led to the construction of the RFU which has been 

tested to the specified pressures and stirring speeds. Further tests will be run to validate 

the shear stress and heat transfer calculations and other results from the CFD 

simulations. The results from the RFU can then be integrated into the HTRI fouling 

program. 
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