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ABSTRACT
The goal of this research is to understand heat transfer in particle-laden flows. Particle-laden
flows are prevalent in multiple industries, including chemical, pharmaceutical, plastics, food, and
agriculture. In many applications, it is necessary to heat or cool the particle-laden flow to achieve
desired process conditions. It is therefore important to understand the heat transfer characteristics of
particle-laden flows under varying process conditions. This research seeks to experimentally
investigate how the concentration of particles in turbulent, particle-laden flow effect the heat transfer
properties of the flow. An experimental setup to observe the heat transfer properties of particle-laden
flows was designed and built in house. A MARK XV-HP powder feeder system was used to entrain
copper particles (-325 mesh) into a flow of nitrogen gas. The particle-laden flow then traveled
through a horizontal pipe with a constant heat flux applied to the wall. Surface and fluid temperatures
along the test section were measured and used to calculate the heat transfer coefficient and Nusselt
number of the flow. A range of Reynolds numbers from 30,000 to 65,000 as well as a range of solids
loadings from 0.0 to 1.0 were tested. For solids loadings of 0.5, the Nusselt number increased at lower
Reynolds numbers and then decreased at higher Reynolds numbers. For solids loadings of 1.0, the
Nusselt number was lower at low Reynolds numbers and then increased at higher Reynolds numbers.
A transition in Nusselt number occurred for both solids loadings, but they occurred at different
Reynolds numbers. The Nusselt number for particle-laden flows did show a variance from the Nusselt
number for gas only flows. The direction and quantity of this difference was dependent on solids
loading and Reynolds number. These trends are proposed to be a result of different turbulence
modulation effects, which are discussed herein.
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Chapter 1

Literature Review
Particle-laden flows are prevalent in a variety of applications. Particle-laden flows consist
of either gas or liquid that contain small particles distributed throughout the flow. One application
of particle-laden flow is CO2 capture using a fluidized bed with solid sorbents [1]. Another
application where particle-laden flow appears is in chemical-looping combustion (CLC) [2]. In
CLC, metal oxide particles are used as oxygen carriers in a gas to move the oxygen from air to
fuel [2]. Since the fuel never comes in contact with the air, just the metal oxide, this causes CO2
and water vapor to be the main byproducts of the combustion reaction, which leads to easier CO2
capture after the reaction [3-5]. Many different metal oxides have been investigated for the
oxygen carrier such as Cu, Fe, Mn, and Ni [2,6]. Particle-laden flow is also produced during
metal combustion. One type of metal combustion previously investigated is aluminum
combustion with water which produces aluminum oxide particles and hydrogen gas [7-10]. The
products of this reaction are usually at an elevated temperature because heat is released during
combustion. Many combustion designs harness this heat through one or more heat exchangers,
thereby increasing the overall efficiency of the system.
Heat exchangers can have complex designs in order to maximize the amount of energy
harnessed from the combustion products. All heat exchangers transfer energy from one material
to another by moving heat from a hot “primary” side to a cold “secondary” side [11]. As the
material on the primary side flows through the exchanger, its temperature is lowered while the
material in the secondary side exhibits a temperature increase as it travels through the heat
exchanger.
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The exact design of the ‘hot side’ and ‘cold side’ can vary greatly, for example there are
simple parallel- or counter-flow configurations, shell-and-tube configurations, and cross-flow
configurations [11]. Specific properties of the combustion mixture will enhance the heat transfer,
such as thermal conductivity and thermal capacity. Another factor is the phase of the combustion
products: liquid, gaseous, solid, or a mixture. One problem resulting from particle-laden flow is
fouling of the heat exchanger, that is, the deposition of solid particles on the walls causing a
decrease in heat transfer [12]. These particles can also damage the walls of the heat exchanger.
Fortunately, there are multiple ways to separate particles out of the flow prior to the heat
exchanger, such as implementing cyclones [13] or filters [14]. When the ideal ratio of particles to
gas is found that will produce the best heat transfer, these methods can be used to obtain that ideal
ratio.
In order to find the best ratio of particles to gas for the heat exchanger, the heat transfer
properties of particle-laden flow needs to be better understood. Previous research has investigated
different aspects of particle-laden flow such as flow type [15-22], particle size [16,18,23,24], pipe
size [21], particle material [16,18,23,24], and fluid type [16,18,20,21,23,24]. Since all of these
characteristics affect the heat transfer properties in the flow, it is important to isolate the influence
of each individual parameter. The main results from previous work will be discussed in the
following paragraphs.
Before understanding particle-laden flow, it is important to understand single phase gas
flow. Most flows can be separated into two flow type categories, laminar or turbulent flow. Flows
are considered laminar when the Reynolds number is less than a specified value for the given
flow conditions. Siegel, et al. [15] investigated heat transfer in laminar flow through a circular
pipe with a uniform heat flux applied at the pipe wall. Before this, most research was focused on
heat transfer properties in pipes with a constant temperature at the wall instead of a constant heat
flux. Most real-life situations have a combination of these two boundary conditions, but it is
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important to understand the basic aspects of each and then build up to a combination of both.
Siegel et al. developed equations for the temperature distribution and variation in Nusselt number
along the length of the tube. This was beneficial because these equations could be used to predict
temperatures without conducting experiments. Another major finding from Siegel et al. was that
the Nusselt number eventually reached a constant value of 4.36 in laminar flows with a constant
flux boundary. They defined the entry region length as when the Nusselt number approached 5%
of the fully developed value. Whitaker [17] also investigated heat transfer in laminar pipe flow,
but developed a slightly different correlation for the Nusselt number along the pipe based on the
Reynolds number and the Prandtl number. Similar to Siegel et al.[15], Whitaker [17] found that
the Nusselt number reached a fully developed value, however he found that the Nusselt number
approached 3.66 for laminar flows with a constant temperature boundary.
Building off of these correlations found for single phase gas flow, researchers began
investigating heat transfer properties in particle-laden laminar flows. Suresh et al. [16] and Wen
and Ding [18] investigated Al2O3 nanoparticles added to laminar liquid flows. They both found
that the Nusselt number increased with the presence of particles in the flow. Suresh et al. [16]
suggested multiple mechanisms for this increase in Nusselt number, including but not limited to
mixing effects of particles near the wall, thermal conductivity enhancement, particle migration,
and reduction of boundary layer thickness. Wen and Ding [18] indicated an increase in thermal
conductivity and a reduction in the thermal boundary layer thickness were the primary factors for
the increased Nusselt number. Wen and Ding [18] also suggested that presence of particles in the
flow increased the thermal entry length due to a decrease in the thermal boundary layer thickness.
These findings were significant because they showed that the particles did change the heat
transfer properties of the fluid, which could lead to enhancements in heat transfer. The ability to
achieve higher heat transfer is beneficial for systems using heat exchangers and could lead to an
overall increase in efficiency of the system. These results for laminar flow can provide good
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background to particle-laden flows but cannot be directly applied to turbulent flows. The
following paragraphs provide an overview of turbulent flow results.
Singular phase turbulent flows have also been well documented in literature and establish
the foundation for studying more complex systems like particle-laden turbulent flow. Whitaker
[17] investigated turbulent flows through a pipe and developed a Nusselt number correlation
pertaining to the Reynolds number and the Prandtl number. This correlation has a similar format
to the one he developed for laminar flow, but the coefficients and exponents are different since
the heat transfer methods in turbulent flow are different than in laminar flow. Other studies have
found slightly different correlations for the Nusselt number for different ranges of Reynolds
number and Prandtl number [25,26]. Some common correlations used are the Dittus-Boelter
correlation [27] and the Sieder-Tate correlation [28].
Particle-laden turbulent flow has also been the focus of many studies. Specifically, how
the presence of particles effects the turbulence in the flow has been investigated both
computationally and experimentally [29-38], however it is still not well understood. Some
research has suggested that the size of particles with respect to turbulent characteristics of the
flow determines how the particles will affect the turbulence [39]. Specifically, Balachandar and
Eaton [39] suggest that particles with diameters much smaller than the Kolmogorov turbulent
scale (𝜂) will not affect the overall turbulence of the flow much. On the other hand, particles with
diameters on the same scale or larger than 𝜂 can significantly either increase or decrease the
overall turbulence of the flow. A different group of studies [30,32] found particles with diameters
on the same scale as or smaller than 𝜂 attenuated the turbulence.
Gore and Crowe [31] suggest that smaller particles attenuate the turbulence while bigger
particles augment the turbulence. The ratio of the particle diameter to the characteristic length of
the largest turbulent eddies in the flow is used to evaluate particles’ effect on turbulence.
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Balachandar and Eaton [39] suggest that the presence of particles causes turbulence
modulation through many different mechanisms. For example, they suggest that attenuation of
turbulence can be caused by increased inertia, turbulence dissipation, and effective viscosity of
the particle-laden flow[39]. They suggest augmentation of turbulence can be caused by enhanced
velocity fluctuations due to wakes and self-induced vortex shedding from the particles, as well as
buoyancy-induced instabilities due to density variation from particle distribution [39]. Since
multiple mechanisms can be present at once, it is suggested that the presence of particles can both
enhance and suppress turbulence in the flow simultaneously [39]. Because these mechanisms are
not well understood and the ranges at which they most significantly affect the flow are unknown,
it is still unclear how and to what magnitude specific particles will affect the turbulence in any
given flow conditions.
Investigation on the heat transfer in particle-laden turbulent flows has also been
conducted. Depew and Farbar [24] conducted testing on the heat transfer in turbulent air flow
through a vertical pipe with 30 and 200 m solid spherical glass particles entrained in the flow.
They reported the concentration of particles in solids loading ratio, which is the ratio of the mass
of the particles to the mass of the air. Specifically, solids loading ratios between 0 and 7 were
investigated [24]. Throughout the analysis, they assumed that the difference in temperature
between the particles and air was very small [24]. By comparing the results from the two particle
sizes, Depew and Farbar found that the smaller particles had an effect on the local Nusselt
number and wall temperature, while the larger particles showed little effect [24]. Even smaller
particles did not exhibit an effect on the heat transfer rate for solids loading ratios smaller than
0.5. For low solids loading ratios, the heat transfer effectiveness of the mixture decreased, while
for higher ratios the heat transfer effectiveness of the mixture increased. The minimum heat
transfer effectiveness occurred at different solids loadings for different Reynolds numbers. This
finding supports the idea that there is an ideal ratio of particles to gas for the maximum amount of
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heat transfer. Similar to what Wen and Ding discovered for laminar particle-laden flow, Depew
and Farbar found that the entry length increased with the presence of the 30 m particles.
Boothroyd et al. [20-22] also conducted a number of studies on the heat transfer in
turbulent, particle-laden gas flows. One study found results that the entry length increased with
the presence of particles which corresponds to the previously mentioned studies [20]. In the same
study, Boothroyd [20] presented experimental results which showed that the fully developed
Nusselt number for flows with particles was higher than for the gas flow alone. From this, he
developed two equations to better predict the fully developed Nusselt number for these specific
types of flows.
In another study, Boothroyd and Haque [21] investigated heat transfer in turbulent
particle-laden gas flow through different sized pipes. They studied 0-40 micron Zinc particles
over a range of 0-17 solids loading ratio in 1-, 2-, and 3- in. pipes. Boothroyd and Haque [21]
found that the heat transfer at the wall was unaffected by larger particles (>100 m). They
hypothesize that the particles must be small enough to follow the turbulent eddies in the gas.
Although they defined the entry length in a different way than other studies [15,17,18,23],
Boothroyd and Haque [21] reported an increase in entry length for flows with particles added, a
trend that agrees with other literature [18,24] as discussed earlier in this chapter. Boothroyd and
Haque [21] also found that with particles in the flow, the pressure drop increased more than the
heat transfer coefficient. They discovered that the Nusselt number would increase for large
diameter pipes at low Reynolds number, however not for small diameter pipes at high Reynolds
number. They claimed this effect is due to the particles suppressing the turbulence in small pipes
leading to a decrease in turbulent transport phenomena resulting in lower heat transfer.
In a separate study, Boothroyd and Haque [22] investigated the entrance region of
turbulent particle-laden gas flows using smaller (15 m) spherical zinc particles. As other
research has found [15,17,18,23,24], Boothroyd and Haque [22] observed a larger heat transfer
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coefficient near the entrance of the pipe than in the fully developed region with this difference
between the coefficients increasing in the particle-laden flow. They also observed an increase in
entry length in the particle-laden flow. Through analytical analysis, they proposed an equation for
the Nusselt number in the entry region of particle-laden flows based on the fully developed heat
transfer coefficient in the particle-laden flow and the entry heat transfer coefficient in the fluid
flow without particles. In this analysis, they asserted that the particles contributed to the extended
entry length in three main ways: 1) by increasing the effective thermal capacity of the fluid, 2) by
having a delayed response to temperature changes in the fluid, and 3) by reducing the eddy
diffusivity of heat. The increase in thermal capacity delays the development of the thermal
boundary layer. The delay in temperature response also leads to the delay in the flow reaching
thermally fully developed conditions. The reduction in eddy diffusivity also effects the turbulent
heat transfer coefficient and leads to a longer entry length.
Pak and Cho [23] also studied heat transfer in turbulent particle-laden flows, but they
investigated submicron particles that were suspended in water rather than gas. The two types of
particles used were alumina (Al2O3) with an average size of 13 nm and titanium dioxide (TiO2)
with an average size of 27 nm [23]. The concentration of particles investigated were 0-3 and 10
volume % of particles [23]. As found in multiple of the previous studies discussed, they showed
that the fully developed Nusselt number increased with increasing volume of particles and
Reynolds number [23]. However, similarly to Depew and Farbar, Pak and Cho discovered that for
low concentrations of particles, the heat transfer coefficient actually decreased. They developed
their own correlation for the Nusselt number in turbulent submicron metallic oxide particle-laden
flows [23].
Overall, many of these studies overlap with some of the different parameters set for each
specific study. Some studies reported the concentration of particles in volume % while others
reported the concentration in a mass loading ratio. One common finding is that the local heat
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transfer coefficient is greater near the entrance of the pipe than downstream in the fully developed
region. All of the studies showed an increase in the thermal entry length with the presence of
particles compared to the entry length in the flow without particles. The exact amount that the
entry length increased varied widely across studies since each study parameter was so different
from one another. Some speculate that this is due to a change in the thermal boundary layer
caused by the presence of the particle. Another common finding is that bigger particles have little
effect on the heat transfer while smaller particles show an increase in the heat transfer. Both an
increase and decrease in heat transfer has been observed across multiple studies for varying flow
conditions. Instead of just using particle diameter to classify the flow, some studies classified
their flow based on the ratio of particle diameter to a turbulence length scale. Multiple studies
found that the presence of particles changed the turbulence in the flow, and suggest that different
modulation mechanisms attenuate and augment the turbulence in the flow. Since these
mechanisms can be present at the same time and have competing effects, it is unknown how the
presence of particles will affect the overall turbulence, in turn affecting the overall heat transfer in
the flow. Therefore, there is a need to continue to investigate the heat transfer properties of
particle-laden flows under varying conditions to understand underlying phenomena.
The goal of this research was to conduct experiments on turbulent particle-laden gas
flows with varying particle solids loading ratios across a range of Reynolds numbers. Micron
sized copper particles were investigated at solids loading ratios between 0.0 (gas only) and 1.0.
Reynolds numbers ranging from 30,000 to 60,000 were tested, allowing for an investigation on
the effect of particle-laden turbulent flow on the heat transfer.
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Chapter 2

Methods

Experimental Apparatus
To investigate the heat transfer properties of particle-laden flows, an experimental
apparatus was designed to provide constant heat flux to flows traveling through a horizontal tube.
Particles were entrained into the gas at room temperature and then entered the straight tube test
section at a pressure of 250 psia. A schematic of the experimental apparatus is shown in Figure 1,
and the process and instrumentation diagram can be found in appendix A.

Figure 1: Schematic of the experimental apparatus configuration

As seen in Figure 1, the compressed nitrogen gas cylinder pressure was regulated to
450 psi by a pressure regulator (TESCOM™), which was the operating pressure of the mass flow
controller (MFC) (Brooks® 5853i MFC). Figure 2 shows an image of the experimental apparatus
with a few key components highlighted.
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Figure 2: Picture of the experimental apparatus

The particles were entrained in the nitrogen flow using a MARK XV-HP powder feeder
system (Powder Feed Dynamics, Inc.) (Figure 3). The MARK XV-HP could operate at pressures
up to 500 psi and used a screw feed system to feed the particles into the gas stream at specific
feed rates, with a maximum screw shaft speed of 500 rpm. By keeping the gas flow rate constant
and varying the feed rate, the solids loading ratio of particles to gas could be controlled. The type
of particles used were Copper Powder size -325 Mesh (Atlantic Equipment Engineers). These
particles were used because they were well characterized particles. The particle size distribution
(PSD) chart in Figure 4 shows that 90% of the population is smaller than 55.4 m.
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Figure 3: Picture of the MARK XV-HP feeder (Powder Feed Dynamics, Inc.)

Figure 4: PSD for copper particles used throughout this experiment
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Once the particles were entrained in the gas, the particle-laden flow traveled through a
40-in long, heated, ½-in outer diameter straight, horizontal stainless steel pipe with a wall
thickness of 0.049 in. To produce the constant heat flux at the wall of the tube, BriskHeat® heat
tape with a maximum power of 13.1 W/in2 was wrapped around the outside of the tube and was
surrounded by Unifrax insulation as seen in Figure 5.

Figure 5: Picture of the test section
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At the end of the system, the flow and particle mixture traveled through a metal sintered
filter (Mott Corporation, 1-micron filters) to separate the particles out of the gas (Figure 6).

Figure 6: Before (left) and after (right) pictures of the filter used downstream of the test section
to collect the powder

Test Parameters
The Reynolds number and particle solids loading ratio were the variables in the
experimentation. Table 1 shows an overview of the range of those variables, as well as
parameters that are directly affected by the Reynolds number and solids loading. The objective of
this study was to observe heat transfer effects resulting from the addition of solid particles under
various conditions.
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Table 1: Overview of test parameter target values
Re

30,000

35,000

40,000

45,000

50,000

55,000

60,000

Solids Loading
Ratio
0.0
0.50
1.0
0
0.50
1.0
0.0
0.50
1.0
0.0
0.50
1.0
0.0
0.50
1.0
0.0
0.50
1.0
0.0
0.50
1.0

Particle Mass Flow Rate
(g/min.)
0
130
260
0
152
304
0
174
347
0
195
391
0
217
434
0
239
477
0
260
521

Volume Loading
Percentage
0
0.362
0.723
0
0.362
0.725
0
0.362
0.723
0
0.362
0.725
0
0.362
0.723
0
0.362
0.725
0
0.362
0.723

Stokes
Number
5.3

6.2

7.1

8.0

8.8

9.7

10.6

The solids loading ratio was calculated using Equation (1), using the mass flow rate of
the gas and the mass flow rate of the particles. The volume loading percentage was calculated
using Equation (2). The Stokes number was calculated for each set of parameters using
Equation (3), where 𝜌𝑠 is the density of the particles, 𝑑𝑝 is the particle diameter, 𝑢 is the gas
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velocity, 𝜇𝑔 is the gas viscosity, and 𝐷 is the hydraulic diameter.

𝑆𝑜𝑙𝑖𝑑𝑠 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 = 𝑆𝐿 =

𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
𝑚̇𝑠
=
𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑔𝑎𝑠
𝑚̇𝑔

𝑚̇
( 𝑠)
𝜌
𝑉𝑜𝑙𝑢𝑚𝑒 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 = 𝑠 ∗ 100
𝑚̇𝑔
( )
𝜌𝑔
𝑆𝑡 =

𝜌𝑠 (𝑑𝑝2 )𝑢
18𝜇𝑔 𝐷

(1)

(2)

(3)

There are specific limitations for some of these parameters due to the equipment
available. For example, the maximum feed rate on the feeder is 500 rpm which yields
approximately 2000 g/min. of copper, therefore some combinations of Reynolds number and
solids loading ratio were not tested since both of these parameters contribute to the required feed
rate. Another limitation is the maximum flow rate of the MFC (500 slpm), limiting the maximum
Reynolds number to 65,000.
Maintaining a gas velocity at or above the saltation velocity, the minimum velocity
required to keep particles entrained in the flow, was an important consideration. In order for the
particles to stay entrained in the gas and not settle out, the gas must be traveling at a high enough
velocity, i.e., a velocity above the saltation velocity. The equation of Rizk [40] (Equation (4)) was
used to calculate the saltation velocity for each solids loading. In Equation (4), 𝜇 is the solids
loading, 𝑣𝑠 is the gas velocity at the saltation point, 𝑔 is the gravitational constant, 𝐷 is the
hydraulic diameter in meters, and 𝑑 is the particle diameter in millimeters. The red blocks in
Table 2 highlight which combinations of Reynolds numbers and solids loadings are outside the
operable range due to a gas velocity below the saltation velocity. Table 2 shows the ratio of gas
velocity to saltation velocity for the tested experiential conditions. The green blocks highlight
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which combinations of test parameters satisfy all test requirements and operate within the
limitations of the test equipment. The powder flow rates were selected to encompass a wide range
of experimental conditions.
1
𝑣𝑠
𝜇 = 𝛿(
)
10 √𝑔𝐷

𝜒

(4)

𝛿 = 1.44𝑑 + 1.96
𝜒 = 1.1𝑑 + 2.5

Table 2: Ratio of calculated gas velocities to saltation velocity with color-coded comparison
Criterion: V >Vs
Solids Loading

Re

10000
20000
30000
40000
50000
60000

0
-

0.25
0.74
1.47
2.36
3.15
3.94
4.73

0.5
0.56
1.12
1.80
2.40
3.00
3.60

0.75
0.48
0.96
1.54
2.05
2.56
3.07

1
0.43
0.86
1.37
1.83
2.29
2.75

Below Saltation Velocity
Above Saltation Velocity

Measurements
Temperatures and pressures were recorded at specific locations along the experimental
𝑥

test section. Pressures were measured at the beginning of the test section (x=0 in, 𝐷 = 0) and at
𝑥

the end of the test section (x=40 in, 𝐷 = 100). As seen in Figure 7, temperature measurements
were taken at the beginning of the test section and at every 10 in. along the length of the tube.
Surface and bulk fluid temperatures were also measured at x=3 in to clearly show the
thermodynamic entry length.
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Figure 7: Schematic of the thermocouple and pressure transducer placements along the test
section

At each temperature measurement location, a K-type thermocouple (Omega, Model:
KQIN-18U-6) probe was inserted into the flow and a K-type thermocouple wire (Omega, Model:
GG-K-24-SLE) (spot weld) was attached to the tube wall to measure the bulk fluid temperature
and the tube wall temperature, respectively.
Figure 8 shows one representative thermocouple probe inserted into the tube. REFPROP
[41] software was used to obtain other thermophysical properties based on the recorded
temperatures and pressures. Particle properties were obtained through lookup tables based on the
recorded temperatures and pressures. The gas mass flow rate during each test was measured using
the metering capability on the MFC. The feed screw rate (in rpm) was also measured throughout
each test. The actual particle mass flow rate was measured after each test by weighing the
particles collected by the 1 µm filter. A F.W. BELL current meter was used to measure the
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amount of current supplied to the heat tape during each test, which was used to measure the
power put into the system through the heat tape. An energy balance was then conducted to
determine the losses in the system. These measurements were used to calculate heat transfer
properties as described in Chapter 3.

Figure 8: Picture of a temperature measurement location
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Experimental Apparatus Validation
A number of tests were conducted to validate that near-steady state and fully developed
flow was achieved in the test section. Figure 9 shows the mean fluid temperatures at all 6
temperature measurement locations as a function of time. This figure displays that the
temperatures reach steady state at approximately 900 seconds. All tests were brought up to steady
state with gas only flow before particles were added to the flow.

Figure 9: Mean temperatures at all 6 locations vs. time

The steady-state mean temperature and wall temperature along the pipe are shown in
𝑥

Figure 10. This figure shows that the temperature change in the entry region (0 ≤ 𝐷 ≤ 25) is not
𝑥

linear, but that the slope becomes linear in the fully developed section (25 ≤ 𝐷 ≤ 75). At
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𝑥
𝐷

= 100, the temperature profile exhibits a deviation from the linear behavior, indicating exit

region effects. It is expected that the temperature change will be linear in the fully developed
region with a constant wall flux boundary, so this verifies that thermal fully developed flow is
𝑥

achieved between 25 ≤ 𝐷 ≤ 75. It can also be seen that the wall temperature and the mean
temperature have the same slope in the fully developed region, which is expected with a constant
heat flux boundary condition [42]. This verifies that heat tape is successfully providing a nearconstant heat flux to the tube wall.

Figure 10: Wall and mean temperatures as a function of downstream pipe diameters at steady
state. The linear slope between 25 ≤ 𝐷𝑥 ≤ 75 show that the flow is fully developed in this region.
Entry and exit region effects are also shown
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The pressure drop across the test section is minimal (Figure 11), where P1 is measured at
the start of the test section, P2 is measured at the end of the test section, and P3 is measured after
the filter. The pressure drop across the filter is also minimal (< 3.5 psi), which shows that there is
not enough build-up of particles in the filter to inhibit the flow. In Figure 11, there is a small
perturbation in pressure at around 1000 seconds. This is when the powder feeder is turned on to
start the powder flowing into the gas. Since the powder canister is pressurized to 25 psi above P1,
there is a slight change in pressure when the powder canister is opened and the pressures
throughout the system equilibrate. Since there is little change in pressure along the test section, all
properties are evaluated using the pressure measured at P1.

Figure 11: Pressure vs. time
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The current applied to the heat tape was measured for each test, and one set of data is
shown in Figure 12. There is some fluctuation in the current so the average of the measured
current (I) was used to calculate the power input into the system using Equation (5), where V is
the measured voltage from the wall (208VRMS). This power is then used to calculate the maximum
heat flux that could be provided at the tube wall using Equation (6), where A is the surface area of
the outside of the tube test section.

Figure 12: Measured current flowing into the heat tape throughout the test. The average current
was used for the power calculations

𝑃 = 𝐼𝑉

(5)

𝑃
𝐴

(6)

′′
𝑞𝑤
=
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There are always losses in a system, so an energy balance was conducted between
𝑥

location 3 and 5 (25 ≤ 𝐷 ≤ 75) to determine the heat flux going into the test section. The total
heat input into this section (𝑄̇ ) was calculated using Equation (7). The weighted mass flow rate
and specific heat capacity (𝑚̇𝐶)𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 (Equation (8)) as well as the mean temperature
difference between location 3 and location 5 (∆𝑇𝑚 ) (Equation (9)) were used to calculate 𝑄̇ . The
weighted mas flow rate and specific heat capacity was calculated using a weighted average
(Equation (8)) by taking into account the solids loading and the specific heats of the solids and
the gas. In Equation (8), 𝐶 is the specific heat, subscript 𝑠 represents solid particle properties, and
subscript 𝑔 represents gas properties. The gas specific heat capacity (𝐶𝑔 ) was calculated using the
average specific heat capacity at constant pressure between location 3 and location 5. The solid
particle specific heat capacity (𝐶𝑠 ) was obtained using a look up table. In order to calculate the
heat flux, the total heat was divided by the surface area from location 3 to 5 as seen in Equation
(10). This is the heat flux used for the rest of the calculations and data analysis.
𝑄̇ = (𝑚̇𝐶)𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 ∆𝑇𝑚

(7)

(𝑚̇𝐶)𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 = 𝑚̇𝑠 𝐶𝑠 + 𝑚̇𝑔 𝐶𝑔

(8)

∆𝑇𝑚 = 𝑇𝑚,5 − 𝑇𝑚,3

(9)

′′
𝑞𝑤,
=
3 𝑡𝑜 5

𝑄̇
𝐴𝑠, 3 𝑡𝑜 5

(10)

The heat flux calculated from the energy balance was always lower than that calculated
from the power input, which implies there were thermal loses in the system as expected. One
main loss of heat is through the 1-in. thick insulation that was wrapped around the outside of the
heat tape. Using a thermal circuit conduction calculation, the approximate heat flux loss through
the insulation (𝑞 ′′) was calculated. Equation (11), (12), and (13) were the equations implemented
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were 𝑟1 is the outer radius of the pipe plus the thickness of the heat tape, 𝑟2 is 𝑟1 plus the
thickness of the insulation, 𝐿 is the length of the test section, 𝑘 is the thermal conductivity of the
insulation, and ∆𝑇 is the temperature difference between the heat tape and room temperature.
Approximately 15 to 20 percent of the total heat input was lost due to conduction through the
insulation.

𝑅𝑐𝑜𝑛𝑑 =
𝑄̇ =

𝑟
ln (𝑟2 )
1

(11)

2𝜋𝐿𝑘

∆𝑇
𝑅𝑐𝑜𝑛𝑑

(12)

𝑄̇
𝐴𝑠

(13)

𝑞 ′′ =
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Chapter 3

Experimental Analysis

Characteristic Values of each Test
Analysis of experimental data was conducted to understand the heat transfer behavior in
each test. The Reynolds number was calculated from the gas mass flow rate recorded by the
̇
MFC. The MFC outputs a volume flow rate in standard cubic feet per min (SCFM) (𝑉𝑆𝐶𝐹𝑀
),
which is then converted to a flow rate of kg/s (𝑚̇𝑔 ) using Equation (14). The flow rate is then
converted to a velocity (𝑢) using Equation (15), where 𝜌𝑔 is the gas density and 𝐷 is the
hydraulic diameter. This velocity, along with the fluid properties of density (𝜌𝑔 ) and viscosity
(𝜇𝑔 ), are then used to calculate the Reynolds number using Equation (16).
̇
𝑚̇𝑔 = 𝑉𝑆𝐶𝐹𝑀
∗ 𝜌𝑔,𝑎𝑡 𝑠𝑡𝑝
𝑢=

(14)

𝑚̇𝑔
𝐷 2
𝜌𝑔 𝜋 ( )
2

𝑅𝑒 =

𝜌𝑔 𝑢𝐷
𝜇𝑔

(15)

(16)

The solids loading (Equation(1)) was also calculated for each test. The mass flow rate of
powder for each test was calculated by weighing the amount of powder collected in the filter
housing after each test and dividing that by the total time the powder was flowing for that test.
Using the mass flow rate of the gas, found in Equation (14), and the calculated mass flow rate of
the particles, the solids loading ratio can be found using Equation (1).
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Heat Transfer Calculations
Gas and solid thermophysical properties were evaluated by using the measured
𝑥

temperature and pressure. The pressure at 𝐷 = 0 (P1) and the temperature at each thermocouple
location were input into REFPROP [41] software, which was used to determine other gas
properties such as thermal conductivity, specific heat, density, and viscosity. Properties for the
particles were obtained by using look up tables for the specific temperature and pressure
measured.
The heat transfer coefficient was calculated using Equation (17), where 𝑞𝑤 ′′ is the heat
flux applied at the wall, 𝑇𝑤 is the wall (surface) temperature, and 𝑇𝑚 is the mean flow
temperature. 𝑇𝑤 and 𝑇𝑚 were measured and 𝑞𝑤 ′′ was calculated using Equation (10).
The Nusselt number was then calculated using Equation (18), where 𝐷 is the hydraulic diameter
(inner pipe diameter), 𝑘 is the thermal conductivity of the gas, and ℎ is the heat transfer
coefficient.
ℎ=

𝑞𝑤 ′′
𝑇𝑤 − 𝑇𝑚

(17)

ℎ𝐷
𝑘

(18)

𝑁𝑢 =

The Nusselt number calculated from measurements was also compared with the DittusBoelter Nusselt number correlation (Equation (19)) [27] and the Sieder-Tate correlation
(Equation (20)) [28]. The Dittus-Boelter correlation is used for 0.7 ≤ 𝑃𝑟 ≤ 160, 𝑅𝑒𝐷 ≳ 10,000,
𝐿

and 𝐷 ≳ 10 which are all satisfied in the fully developed region of the test section in this thesis.
𝐿

The Sieder-Tate correlation is used for 0.7 ≤ 𝑃𝑟 ≤ 16,700, 𝑅𝑒𝐷 ≳ 10,000, and 𝐷 ≳ 10 which
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are also all satisfied in the fully developed region of the test section in this thesis.
𝑁𝑢𝐷 = 0.023𝑅𝑒𝐷0.8 𝑃𝑟 0.4
4⁄

𝑁𝑢𝐷 = 0.027𝑅𝑒𝐷 5 𝑃𝑟

0.14
1⁄ 𝜇𝑚
3(
)
𝜇𝑠

(19)
(20)

Both the Dittus-Boelter correlation and the Sieder-Tate correlation were used to compare with the
experimental results obtained in this research.

Experimental Uncertainty
An experimental uncertainty analysis was conducted based on the ideas presented by
Moffat [43]. The wall temperature, mean flow temperature, gas mass flow rate, and particle mass
flow rate were measured throughout each tests, so there is both precision and bias uncertainty
associated with these values. Precision uncertainty comes from random error over multiple
different tests, whereas bias uncertainty comes from fixed error in the measurement device. The
temperatures used in the heat transfer analysis throughout the remainder of this paper were
calculated by averaging the recorded temperature over 30 seconds once the temperatures had
reached a steady state. For the uncertainty analysis, nine sets of tests were conducted under the
same conditions, one set of nine tests for gas only (30,000 Reynolds number) and another set of
nine tests for particle-laden flow (30,000 Reynolds number with a solids loading of 1.0).
The precision uncertainty for each temperature and mass flow measurement was
calculated using Equation (21), with a student T factor of 2.26 for the temperatures and gas mass
flow rate, and a student T factor of 3.18 for the particle mass flow rate to give a confidence
interval of 95%. The bias uncertainty is based on the limitations of the measuring equipment, and
the accuracy specifications given by the manufacturer. The thermocouples used had a special
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limit of error of +/- 0.4% or 1.1°C (whichever is greater). With the temperatures operated at in
this experiment, the 1.1°C was greater, so that was the bias error used. The mass flow controller
operated with an error of +/- 1% of full scale, which was used as the bias error. For similar
powder feeders, the typical error is +/- 0.5 g/min. This was the bias error used for the particle
mass flow rate. In order to account for both the precision uncertainty and the bias uncertainty
[43], the total uncertainty for each measurement was calculated using Equation (22).
𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =

(𝑆𝑡𝑢𝑑𝑒𝑛𝑡 𝑇 𝑓𝑎𝑐𝑡𝑜𝑟) ∗ (𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑡𝑒𝑠𝑡𝑠)
√𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑒𝑠𝑡𝑠 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑒𝑑
𝛿𝑀𝑒𝑎𝑠𝑢𝑟𝑚𝑒𝑛𝑡𝑡𝑜𝑡𝑎𝑙 = √𝑏𝑖𝑎𝑠 2 + 𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛2

(21)
(22)

Since heat transfer is dependent on temperature differences, the total uncertainty for each
temperature was then used in calculating the total uncertainty in temperature differences
(∆𝑇 = 𝑇1 − 𝑇2 ) (Equation (23)). In this case of a simple difference in temperatures, the partial
derivatives

𝜕∆𝑇
𝜕𝑇1

and

𝜕∆𝑇
𝜕𝑇2

are equal to one.
2

𝛿∆𝑇𝑡𝑜𝑡𝑎𝑙

2

𝜕∆𝑇
𝜕∆𝑇
= √((
) ∗ (𝛿𝑇1,𝑡𝑜𝑡𝑎𝑙 )) + ((
) ∗ (𝛿𝑇2,𝑡𝑜𝑡𝑎𝑙 ))
𝜕𝑇1
𝜕𝑇2
2

(23)

2

= √(𝛿𝑇1,𝑡𝑜𝑡𝑎𝑙 ) + (𝛿𝑇2,𝑡𝑜𝑡𝑎𝑙 )

The total uncertainty for the calculated heat flux (𝑞𝑤 ′′), found in Equation (10), was then
calculated. Since 𝑞𝑤 ′′ is calculated from an energy balance based on the temperature difference
𝑥

𝑥

between the mean temperature at 𝐷 = 75 (location 3) and 𝐷 = 25 (location 5), the total
uncertainty of the temperature difference was calculated using Equation (23). The total
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uncertainty of the calculated heat flux is described using Equation (24) and Equation (27) for gas
only tests and for particle-laden tests respectively.
2

(𝛿𝑞𝑤 ′′ 𝑡𝑜𝑡𝑎𝑙 )

𝑔𝑎𝑠

2

𝜕𝑞𝑤 ′′
𝜕𝑞𝑤 ′′
= √((
) ∗ (𝛿∆𝑇3 𝑡𝑜 5 )) + ((
) ∗ (𝛿𝑚̇𝑔 ))
𝜕∆𝑇3 𝑡𝑜 5
𝜕𝑚̇𝑔

(24)
2

𝑚̇𝑔 𝐶𝑔
𝐶𝑔 ∗ ∆𝑇3 𝑡𝑜 5
= √(
∗ 𝛿∆𝑇3 𝑡𝑜 5 ) + (
∗ 𝛿𝑚̇𝑔 )
𝐴𝑠, 3 𝑡𝑜 5
𝐴𝑠, 3 𝑡𝑜 5

2

(𝛿𝑞𝑤 ′′ 𝑡𝑜𝑡𝑎𝑙 )

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

2

2

2

𝜕𝑞𝑤 ′′
𝜕𝑞𝑤 ′′
𝜕𝑞𝑤 ′′
= √((
) ∗ (𝛿∆𝑇3 𝑡𝑜 5 )) + ((
) ∗ (𝛿𝑚̇𝑠 ))
) ∗ (𝛿𝑚̇𝑔 )) + ((
𝜕∆𝑇3 𝑡𝑜 5
𝜕𝑚̇𝑔
𝜕𝑚̇𝑠
2

2

(𝑚̇𝐶)𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑
𝐶𝑔 ∗ ∆𝑇3 𝑡𝑜 5
𝐶𝑠 ∗ ∆𝑇3 𝑡𝑜 5
= √(
∗ 𝛿∆𝑇3 𝑡𝑜 5 ) + (
∗ 𝛿𝑚̇𝑔 ) + (
∗ 𝛿𝑚̇𝑔 )
𝐴𝑠, 3 𝑡𝑜 5
𝐴𝑠, 3 𝑡𝑜 5
𝐴𝑠, 3 𝑡𝑜 5

(25)
2

Next, the total uncertainty for the calculated heat transfer coefficient (ℎ), found in
Equation (17), was then calculated. Since ℎ is dependent on both 𝑞𝑤 ′′ and ∆𝑇𝑤−𝑚 the analysis
needs to account for both total uncertainties. The total uncertainty of the heat transfer coefficient
can be found in Equation (26). For all values that were not a delta, the average value was used.
2

𝛿ℎ𝑡𝑜𝑡𝑎𝑙

2

𝜕ℎ
𝜕ℎ
= √((
) ∗ (𝛿𝑞𝑤 ′′ 𝑡𝑜𝑡𝑎𝑙 )) + ((
) ∗ (𝛿∆𝑇𝑤−𝑚,𝑡𝑜𝑡𝑎𝑙 ))
′′
𝜕𝑞𝑤
𝜕∆𝑇𝑤−𝑚

(26)
2

2

1
−𝑞𝑤 ′′
= √((
) ∗ (𝛿𝑞𝑤 ′′ 𝑡𝑜𝑡𝑎𝑙 )) + ((
) ∗ (𝛿∆𝑇𝑤−𝑚,𝑡𝑜𝑡𝑎𝑙 ))
∆𝑇𝑤−𝑚
(∆𝑇𝑤−𝑚 )2
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Next, the total uncertainty for the calculated Nusselt number (𝑁𝑢), found in Equation

(18), was calculated using Equation (27). The value obtained from Equation (27) is a change in
Nu, so in order to obtain a percent uncertainty, that value was divided by the average 𝑁𝑢 and
multiplied by 100. For the gas only test, the uncertainty was found to be 11.62%, and for particleladen flow, the uncertainty was found to be 7.71%. The main source of uncertainty that
contributes to this total uncertainty is the temperature uncertainty. For future testing, the
thermocouples could be calibrated before use in order to decrease the bias uncertainty. This
would help decrease the overall uncertainty and create a more precise experiment.
𝜕𝑁𝑢
𝐷
𝛿𝑁𝑢𝑡𝑜𝑡𝑎𝑙 = (
) ∗ (𝛿ℎ𝑡𝑜𝑡𝑎𝑙 ) = ( ) ∗ (𝛿ℎ𝑡𝑜𝑡𝑎𝑙 )
𝜕ℎ
𝑘

(27)
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Chapter 4

Results and Discussion
A representative plot of Nusselt number as a function of the non-dimensional length of
the test section is shown in Figure 13 for a gas-only flow of 40,000 Reynolds number. This figure
shows a high Nusselt number at the beginning of the test section, which is expected for the entry
region of a tube. The Nusselt number then levels off moving down the length of the test section,
which shows that fully developed conditions have been reached. The fully developed Nusselt
number calculated from both the Dittus-Boelter correlation [27] and the Sieder-Tate correlation
[28] are also shown in Figure 13. The Nusselt number calculated at

𝑥
𝐷

= 75 is similar to the value
𝑥

calculated using the Sieder-Tate correlation. The slight rise in Nusselt number at 𝐷 = 100 is
attributed to exit region effects. That is, the constant flux boundary and thermal insulation was
removed downstream of

𝑥
𝐷

= 100, which led to additional thermal losses compared to the fully𝑥

𝑥

developed region between 25 ≤ 𝐷 ≤ 75. Because of this exit effect, the data collected at 𝐷 = 75
was used to calculate the Nusselt number and heat transfer coefficient for each test. Figure 13
shows only one set of test parameters (i.e., Re = 40,000, gas only), however the tests conducted at
other Reynolds numbers showed similar trends in the calculated Nusselt number. The graphs for
the other tests can be found in appendix B. The three data points at each axial location are from
three separate tests conducted under the same conditions.
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Figure 13: Nusselt number vs. non-dimensional length for a gas-only flow of 40,000 Reynolds
number

The Nusselt number calculated for gas-only tests completed at different Reynolds
numbers is shown in Figure 14. Each data point is from a separate test. Both the Dittus-Boelter
(Equation (19)) and the Sieder-Tate (Equation (20)) correlations are shown on the graph as well
for comparison to established correlations. Figure 14 shows that the experimental data mostly
falls within the range of the two correlations, confirming that the experimental setup and analysis
methodology is producing expected results for the Nusselt number.
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Figure 14: Nusselt number vs. Reynolds number

Figure 15 shows the wall and mean fluid temperature vs. non-dimensional length for a
flow of 45,000 Reynolds number and a solids loading of 0.5. In both the gas only and the gas with
particles, the wall and mean temperatures have the same slope in the fully developed region of the
𝑥

test section (25 ≤ 𝐷 ≤ 75). With a constant heat flux boundary, it is expected that the wall and
mean temperatures have the same slope in the fully developed region. Figure 15 also shows that
both the wall temperature (𝑇𝑤 ) and mean temperature (𝑇𝑚 ) decrease with the addition of particles.
This is expected because the particles add additional thermal mass to the system (Equation (8)),
and therefore the same amount of heat flux will yield lower bulk mean temperatures. However,
when analyzing heat transfer behavior, it is the temperature difference between the wall and the
mean fluid temperature that is of importance (see Equation (17)). These raw temperature
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measurements were used to calculate the heat transfer coefficient and the Nusselt number as
discussed in Chapter 3.

Figure 15: Temperature vs. non-dimensional length

The tests run were split into two categories, tests with solid loading that ranged from 0.51
to 0.58, and tests with solid loading that ranged from 0.99 to 1.13, which will be referred to as
“SL 0.5” and “SL 1.0”, respectively. The heat transfer coefficient was calculated at location
𝑥
𝐷

= 75 for each test conducted at different Reynolds numbers and different solids loadings using

Equation (17). The heat transfer coefficient was then used to calculate the local Nusselt number
using Equation (18). Figure 16 shows the Nusselt number vs. Reynolds number for gas only flow
(“SL 0.0”), solids loading of 0.5, and solids loading of 1.0. Spline curves and/or best-fit functions
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were added to Figure 16 to show general trends in each set of data. These are not meant to be
used to correlate the data, but rather for visual purposes to highlight data trends.

Figure 16: Average Nusselt number vs. Reynolds number for SL 0.0, 0.5, and 1.0. Spline curves
and/or best-fit functions added for clarity

In solids loading of 0.5, from Reynolds number 30,000 to 35,000, there is a ~15%
increase in the Nusselt number. From Reynolds number 40,000 to 50,000, there is a decrease in
Nusselt number. Then from Reynolds number 50,000 to 60,000, there is an increase in Nusselt
number, however the Nusselt number stays below that of the gas only flow at Reynolds numbers
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greater than 45,000. In solids loading 1.0, the Nusselt number is suppressed (compared to the gas
only) below 45,000 Reynolds number. Between 45,000 and 50,000 Reynolds number, there is a
significant increase in Nusselt number. After that, the Nusselt number levels out between
Reynolds number of 50,000 and 60,000. The following paragraph will discuss the most plausible
and literature-supported explanation for these observed trends in Figure 16.
Besides changing the thermal mass of the flow, the presence of particles is expected to
affect the turbulence in the flow. It is believed that the variation in Nusselt number seen for the
different solids loadings is due to the effect the particles are having on the overall turbulence of
the flow. Exactly how particles affect the turbulence is not well known [39], but many
experimental studies and computational models have been conducted around this issue [29,30,3238]. With the addition of particles, the particle-to-fluid density ratio, the stokes number (St), and
the Kolmogorov length scale 𝜂 [39] are important parameters that can have implications on the
hydrothermal characteristics of a given flow. Balachandar and Eaton [39] suggest that small
particles (𝑑𝑝 < 𝜂) have little effect on the turbulence of the flow, while larger particles (𝑑𝑝 ≳ 𝜂)
can cause effects that increase or decrease turbulence. The Kolmogorov length scale was
calculated using Equation (28) and was found to be 43 m at a Reynolds number of 30,000 and
25m at a Reynolds number of 60,000. This means that the particles used in the current study
(PSD in Figure 4) fall in the range of particle sizes that can have a significant effect on the
turbulence and therefore the heat transfer as well. In Equation (28), 𝜇 is the fluid viscosity, 𝐿 is
the characteristic length (hydraulic diameter), and 𝑈 is the fluid velocity.
𝜇3 𝐿
𝜂=( 3)
𝑈

1⁄
4

(28)

The following paragraphs discuss mechanisms that are likely to contribute to the changes
in heat transfer observed in this thesis. Literature suggests that both increases and decreases in
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turbulence can be possible with particle-laden flows. It is suspected the data presented in this
thesis is a result of a combination of these effects at different Reynolds numbers.
Particles present in the flow are suspected to effect the overall turbulence through a
variety of different mechanisms [39]. Two mechanisms that can cause an increase in turbulence
are vortex shedding [39] and the effects of turbophoresis in the flow [38]. The wake behind the
particles as well as the vortex shedding off of the particles can cause more instabilities in the flow
and lead to an increase in turbulence [44]. Several studies have shown that there is a critical
particle Reynolds number in which vortex shedding occurs [45,46]. Another mechanism that can
increase turbulence in a flow is the effect of turbophoresis [38]. Turbophoresis is referring to
when particles migrate in a flow from areas of high turbulence intensities to areas of low
turbulence inteinsities [47]. Hence, in pipe flow with heavy, inertial particles, this will cause
particles to migrate towards the walls. This will lead to a reduced thermal boundary layer and
therefore an increased heat transfer coefficient due to the sharper thermal gradient from the wall
to the mean flow [38].
On the other hand, some mechanisms produced by the particles are thought to decrease
the turbulence in the flow. Gore and Crowe [31] classified the flows based on the ratio of particle
𝑑

diameter to characteristic length of the most energetic eddy ( 𝑙 𝑝 ). They found that the turbulence
𝑒

𝑑𝑝

𝑑𝑝

𝑒

𝑒

was attenuated when this ratio was smaller ( 𝑙 < 0.1); conversely, when ( 𝑙 > 0.1), the
turbulence was increased. This is because the smaller particles dissipate turbulent energy while
bigger particles create turbulent energy. Assuming 𝑙𝑒 is equal to the hydraulic diameter of the
pipe, then the

𝑑𝑝
𝑙𝑒

in this thesis is approximately 0.0048, indicating the addition of particles should

cause a decrease in the turbulence. It has also been found through computational analysis that a
significant decrease in turbulent kinetic energy is evident in flows with 1 ≲ 𝑆𝑡 ≲ 10, which the
flows in this study fall within that range [39].
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It is suggested that these specific types of particle flows see a decrease in turbulence due
to extra energy dissipation introduced with the particles [39]. The particles dissipate energy by
opposing the turbulent fluctuations, so energy is transferred to the particle and then dissipated in
the small scale flow around the particle [39]. It is also suggested that the distortion of local eddies
around the boundary of the particle dissipates energy as well [39]. Tanaka and Eaton [33] found
that the energy dissipation rate can be increased by up to three times close to a particle. By
decreasing the turbulence in the flow, the particles can act as a stabilizer and can cause a delay in
the transition to turbulence [34].
Another mechanisms that is thought to contribute to a decrease in turbulence is the
increase in the thickness of the viscous sublayer [35]. The particles cause the viscous sublayer to
increase due to a suppression of turbulence near the wall [35]. This suppression of turbulence
near the wall leads to an overall decrease in the turbulence of the flow. As Reynolds number
increases, however, this mechanism will have less of an effect (the viscous sublayer decreases
with increasing Reynolds number).
Many of these turbulent modulation mechanisms could be present simultaneously, in turn
both attenuating and/or augmenting the turbulence in the flow under different flow properties.
Each mechanism most likely has a range in which it is strongest, but the specific ranges are
unknown. It is possible that the sharp increase in Nusselt number seen in both solids loading data
is due to a change in which mechanisms are dominating the flow at that given condition. For
example, in solids loading of 1.0, possibly the increased viscous sublayer is dominant and causing
a decrease in the turbulence in the flow for Reynolds number below 45,000. Then, a transition
happens at 50,000 Reynolds number where the increased heat transfer from the effect of
turbophoresis is dominate since the effects from the viscous sublayer may decrease with
increasing Reynolds number. The same reasoning can be applied to the transition observed with
solids loading of 0.5 at Reynolds number of 35,000. It was outside the scope of the present thesis
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to attempt to separate these effects. However, what is clearly observed in Figure 16 is the
difference between the gas-only trend compared to the particle-laden trends.
Although the effects of the different turbulent modulation mechanisms cannot be
definitively separated in this thesis, the work conducted here can be compared to previously
published work. Table 3 provides a summary of key parameters from several different studies
conducted by multiple different researchers, although not every author reported all of the
parameters listed. The experimental parameters for this thesis work are also included in the table
to show similarities between this work and work previously published. For example, in
comparing the current work to the research conducted by Ref. [44], the particle Reynolds number
would suggest that vortex shedding could be a mechanism present in the current work, leading to
increased Nusselt numbers. The current work also has similar particle diameter and solids loading
to that of the work conducted by Ref. [32], which would suggest that the fluid turbulence would
be reduced by the presence of particles and the Nusselt number would be decreased. A similar
comparison can be made between this thesis and Refs. [30] and [38]. These two references use
similar particle diameters and solids loadings as used in this thesis. Ref. [30] suggests that the
particles would suppress the turbulence in the flow due to damping of turbulent fluctuations,
whereas Ref. [38] suggests an increase in the heat transfer with the presence of particles due to
turbophoresis. Ref. [30] conducted work at similar Reynolds numbers as this thesis, however Ref.
[38] did not report the bulk Reynolds number for their investigation, which may be a factor in the
contrasting results with Ref. [30].
In summary, Table 3 suggests that multiple mechanisms—both mechanisms that would
increase the heat transfer and ones that would decrease the heat transfer—could be present for the
conditions tested in this thesis. It is clear that more research needs to be conducted in order to
isolate each mechanism and better understand the complexities of particle-laden flows.
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Table 3: Summary of current experimental parameters compared with previous research conducted
Re

Rep

SL

30,000 to
60,000

480
to
960

0 to
1

Re= 178

40
to
450

d

d/

40 m

1 to 2



Both SL and Reynolds number had an
effect on Nusselt number (See Chapter 4 of
this thesis for further detail)

Pipe flow

3.5 to 25
wall units

2 to
14.3



For Rep >210, vortex shedding mostly
present

Channel
flow

Less
than 1




Fluid turbulence reduced by particles
The amount the turbulence was reduced
increased with particle Stokes number, SL,
and distance from the wall

Channel
flow



Nusselt number decreased at low SL due to
increase in viscous sublayer
Nusselt number increases at higher SL due
to effect of heat capacity-density ratio

Vertical
pipe

[35]

High particle concentration in the center of
the pipe that caused a reduction in turbulent
fluctuations
For 0 < SL < 1, the heat transfer was
reduced due to decreased turbulence of the
flow
For SL > 1, the heat transfer increased due
to the suspension heat capacity effect rather
than the effect of turbulence modulation
For high Re, effect of particles is low

Vertical
pipe

[36]

13800

0 to
0.8

50 to 90
m glass
70 m
copper

53,000

0 to
7.4

15 m

Key results


21,000 to
26,500

0 to
3.4

70 to 200
m
spherical
glass
particles






Type of
flow

Stokes
number

Ref.

5 to 10

This
experiment
[44]

0.57 to
3

[32]
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Re
23,000

ReH=
30,805 to
57,284

Rep

SL
1 to
14
0 to
2

d

Key results

d/

200 m
sand
particles



60 m to
1mm glass
beads



0 to
5

200 m to
3mm
plastic
pellets

Re= 150

0 to
1.1

120 m

130
(based on
Taylor
microscale)

0 to
0.45

500 to 250
m glass,
250 m,
polystyrene

[37]

The transverse dispersion of the particles in
the channel was improved with increasing
SL due to inter-particle collisions
Turbulent suppression for particles up to
200m
Turbulence augmentation in the core of the
channel and reduction in turbulence in the
near-wall region for particles 0.625mm to
1mm

Horizontal
channel
flow

[30]

Larger particles increased turbulence,
smaller particles reduced it
Medium particles caused an increase in
turbulence around the pipe center and
reduced turbulence near the wall

Vertical
pipe

[48]



Turbophoresis results in increased
concentration near wall and increases heat
transfer (effective macroscopic transport
properties in near wall region differ from
bulk properties)

Channel
flow



Dissipation around particles was about three
time the dissipation for the single phase
case






2.27
to
4.54

Ref.

Vertical
pipe



4 and
up

Stokes
number

Solid phase reduces thermal turbulence
fluctuations near the wall
Heat transfer has a minimum at a certain SL



16,000
to 33,000

Type of
flow

34.6

[38]

[33]
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Chapter 5

Conclusions and Future Work
In conclusion, heat transfer properties of particle-laden flows with varying solids loadings
were studied. An experimental apparatus was successfully built and validated against wellestablished Nusselt number correlations. Micron-sized copper particles were entrained in nitrogen
gas flow and passed into a tube with a constant wall heat flux boundary. Solids loadings of 0.0
(gas only), 0.5 and 1.0 were tested at Reynolds numbers that ranged from 30,000 to 60,000. The
addition of particles had mixed effects on the Nusselt number (both increase and decrease at
various experimental conditions). For solids loading of 0.5, the Nusselt number increased
compared to gas-only flow for Reynolds numbers 30,000 to 40,000. At higher Reynolds
number—from 55,000 to 60,000—the Nusselt number decreased. For solids loading of 1.0, the
Nusselt number slightly decreased compared to gas-only flow at lower Reynolds numbers—from
35,000 to 45,000—and increased at higher Reynolds numbers, from 50,000 to 60,000. Both solids
loadings showed a transition in the Nusselt number as a function of Reynolds number. The
transition occurred between 30,000 and 35,000 Reynolds number for solids loading of 0.5, and
between 45,000 and 50,000 Reynolds number for solids loadings of 1.0. It is suggested that these
changes in heat transfer behavior are caused by a change in how the particles are affecting the
turbulence of the flow. Several turbulence modulation mechanisms were discussed, some of
which result in increased turbulence and heat transfer, while others attenuate the turbulence and
heat transfer. The observed changes in heat transfer with respect to Reynolds number and solids
loading could be due to a change in which turbulent modulation mechanism is dominant under
those conditions. This research does show that under certain conditions, the heat transfer of the
flow can be enhanced by the presence of particles.
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There are still many aspects of particle-laden flows that need to be investigated. For this
work, it seems that there is a peak in Nusselt number for both solids loadings where the Nusselt
number of the particle-laden flow is greater than that of the gas-only flow. These peaks happen at
different Reynolds numbers for the solids loading of 0.5 and for 1.0 (35,000 and 50,000 Reynolds
number, respectively). It would be beneficial to investigate a solids loading of 0.75 to see if there
is a peak in Nusselt number and to see if it occurs at a Reynolds number between that of solids
loading 0.5 and 1.0. Testing at solids loading higher than 1.0 could also be explored. Where a
specific peak in Nusselt number occurs would be beneficial knowledge because that information
could be used to decide operation conditions of a specific process in order to gain the benefits of
enhanced heat transfer from the presence of particles.
Based on the literature identified in this thesis, the turbulence modulation mechanisms,
which have a significant impact on the heat transfer behavior, are a function of many different
variables, including particle material and size, flow environment (pipe flow, channel flow, etc.),
carrier gas properties, and others. Therefore, it is necessary to isolate each parameter in order to
understand its effect on the heat transfer. With a better understanding of each individual mode,
the effects of all modes could be compiled to more accurately predict how the presence of solids
will affect the Nusselt number.
Extensive work has been conducted in this field already, but there remain significant
uncertainty as to the effect of particle-laden flows on heat transfer. Efforts in computational fluid
dynamics should be continued and validated with experimental results to begin to pinpoint the
different mechanisms of augmentation and/or attenuation of turbulence and heat transfer.
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Appendix A

Process and Instrumentation Diagram of the Experimental Setup
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Appendix B

Nusselt Number vs. Non-Dimensional Length Graphs from additional tests
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