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ABSTRACT

The purpose of this thesis is to understand the effect of pipe curvature on heat transfer in
particle-laden flow. Extensive research has been conducted on fluid flow with particle
entrainment, providing a strong foundation for understanding the parallel between theoretical
models and experimental results. The thesis begins by providing insight into previous research to
exhibit the reasoning of conducting this new research. Then, it discusses the experimental
methods used to entrain particles in a gaseous flow through a heat exchanger and the procedures
to gather data from this system. In these experimental tests, nitrogen gas is flowed through halfinch diameter stainless steel piping and entrained with copper powder. Heat tape is used to heat
the test sections and provide a constant heat flux boundary condition for heat transfer. Analysis
of the experimental data showed trends that curvature increased the Nusselt number by up to
300% in some cases compared to the equivalent straight-pipe experiment. Further, for a curved
heat exchanger, the heat transfer was higher along the outer curve of the pipe compared the inner
curve, likely due to secondary flow effects. Finally, the presence of the particles in gaseous flow
increased the heat transfer in the system compared to gas-only flow, as evidenced by the
decreased temperature differences between the wall temperatures and the bulk flow
temperatures. The present research suggests significant heat transfer benefits are possible with
curved-pipe, particle-laden flows.
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Chapter 1
Literature Review

Heat Exchanger Industries
A heat exchanger is a device that transfers energy in the form of heat between fluids or
fluids and solids. Heat exchanger design and analysis are required across many industries and are
particularly challenging in applications with unique space constraints and performance targets.
Heat exchangers are widely needed for various functions, but for the purposes of this research,
energy efficiency will be a primary topic of interest. Examples of industries and processes that
rely on heat exchangers are agribusiness for food processing, pharmaceuticals for chemical
processing, HVAC for heating and cooling, and energy production and recovery [1].

Heat Transfer
Before discussing heat exchangers in further detail, a background in heat transfer is
essential in understanding how heat exchangers function. The three types of heat transfer are:
conduction, convection, and radiation. Conduction is the transfer of heat through a medium;
convection is the transfer of heat between a surface and a fluid, such as gas or liquid; radiation is
the transfer of heat from electromagnetic waves and does not require a transferring medium such
as air [2]. A common way to measure heat transfer is in terms of the transfer of heat per area,
called heat flux. Heat flux is “the rate of heat energy transfer through a given surface” [2]. The
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three fundamental heat transfer equations for conduction, convection, and radiation are given in
Equations 1, 2, and 3, respectively:

𝑞
= −𝑘(𝑇1 − 𝑇2 )
𝐴

f
(1)

k = conductive heat transfer coefficient
𝑞
= ℎ(𝑇1 − 𝑇2 )
𝐴
𝒉 = convective heat transfer coefficient

(2)

𝑞
= 𝜎(𝑇1 4 − 𝑇2 4 )
𝐴
(3)

σ = Stefan-Boltzmann constant

The rate of heat transfer is represented by the variable q. The surface area for heat
transfer is represented by the variable A. The temperatures for the heat transfer are represented
by the variations of T. q/A represents the total heat flux of the system. The two primary modes
of heat transfer in heat exchangers are conduction and convection.

Heat Exchanger Design
The design of a heat exchanger significantly impacts the performance of the overall
system [1]. Some major design differences involve the contact method (direct or indirect) and
flow arrangements (parallel-, counter-, or cross-flow), which will be discussed later.
Direct contact heat exchangers involve heat transfer between two fluid streams that come
into direct contact and mix. Examples of direct contact heat exchangers include immiscible fluid

r

3

exchangers, gas-liquid exchangers, and liquid-vapor exchangers. Indirect contact heat
exchangers involve heat transfer between two separate fluid streams, typically with a dividing
wall or through transient flow into and out of a wall. Examples of indirect contact heat
exchangers include tubular, plate-type, and extended surface heat exchangers [3].
The direction of flow is important to the heat exchanger efficiency [2]. In a parallel-flow
configuration, the hot and cold streams flow in the same direction within the heat exchanger
(Figure 1, left). Counter-flow is when the inlet for the hot flow and the inlet for the cold flow
travel in opposite directions within the heat exchanger pipes (Figure 1, right). Cross-flow heat
exchangers have separate hot and cold flow inlets, but these inlets run perpendicular to each
other inside a chamber [1]. In general, counter-flow is more efficient because the change in
temperature is more uniform throughout the heat exchanger, as opposed to the parallel-flow,
which exhibits a large difference in temperature at the flow inlets and a small difference in
temperature at the flow outlets. In parallel-flow, the cold outlet temperature can never be greater
than the hot outlet temperature; however, in counter-flow, the cold outlet temperature can be
greater than the hot outlet temperature. These types of flow are exhibited in Figure 1.
An example of a commonly used heat exchanger type is a double pipe heat exchanger, in
which two concentric pipes each carry fluid flow to facilitate heat transfer [2]. Each pipe carries
an independent flow with varying temperatures, typically with one being hot and the other being
cold. The purpose of this is to provide a means for conduction and convection from the hot flow
to the cold flow through the inner pipe wall.
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Figure 1. Parallel- (left) and counter-flow (right) in double pipe heat exchangers [2]

Fluidization
Fluidization is the process of flowing fluid upward through a layer of particles, allowing
the solid particles to move with fluid-like properties. While the experiments in this thesis do not
incorporate fluidization, it provides some background about heat transfer analysis with particlefluid interactions. When the velocity of the moving fluid is larger than the minimum fluidization
velocity, this solid-fluid interaction is known as a fluidized bed [6].
In high-velocity fluidized bed reactors, the particles mix well, which reduces hot and cold
spots to achieve isothermal conditions within the entire chamber. Fluidization also reduces the
need for premixing the solids into the fluid and allows the fluid-solid mixture to behave like a
bulk fluid, which makes the heat transfer between the solid particles, the fluid, and the
conductive internal surfaces very efficient. This is particularly relevant to this research because it
contains similar behavior to fluid flow with entrained particles. In terms of disadvantages, the
“sand-blasting effect” from high velocity solids can cause erosion to the internal surfaces of the
reaction chamber, and particles suspended in the flowing fluid could cause fouling on the pipe
walls [3]. Figure 2 displays the components of a basic fluidized bed reactor.
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Figure 2. Basic two-phase fluidized bed reactor diagram [4]

Saltation Velocity
The saltation velocity is the minimum velocity needed to entrain solid particles in fluid
flow in a horizontal pipe [5]. The experiments in this thesis use the saltation velocity concept to
sufficiently entrain copper particles in gaseous flow through a pipe. If the velocity of the flow is
less than the saltation velocity, there would not be complete entrainment of the particles and
some particles would fall out of the flow and deposit in the pipe. If the velocity of the gaseous
flow is equal to or greater than the saltation velocity, the particles would be completely entrained
in the flow, and the solid particle and fluid mixture would act as a bulk fluid in the horizontal
pipe [5].
There are three primary mathematical correlations that describe saltation velocity: Rizk
[5], Matsumoto et al. [6], and Thomas [7]. The Rizk equation estimates a saltation velocity with
the particle diameter, solids loading ratio, and pipe diameter [5]. The equations of Matsumoto et
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al. use empirical parameters along with other variables such as densities, the Froude number, and
the physical characterization of the particles (coarse or fine) to calculate an estimated saltation
velocity [6]. The Thomas equation calculates the saltation velocity as a function of friction
velocity and frictional pressure gradients [7]. This equation requires an iterative process to get
accurate values. Jones and Leung [8] compared eight well-known published correlations,
including the aforementioned equations, for horizontal saltation velocity. After comparing these
well-known correlations to experimental data, they found that the Thomas correlation is the most
accurate, with the smallest root mean square relative deviation (RMSRD) of 44%, which is still
high, showing the complexity of this topic [8].
While the Thomas correlation is considered to be the most accurate, the Rizk equation
and the Matsumoto et al. equations are preferred because they are simpler than the rest of the
saltation velocity correlations and have a reasonable RMSRD percentage (53%) when compared
to the other published correlations [5]. Since these two correlations are similar in RMSRD and
the Rizk equation is more applicable with the particle information available, the Rizk equation
was chosen for these experiments.

Curved Systems
Straight pipes are common in double-pipe heat exchangers, and the discussion so far has
been primarily on straight pipes. However, experimental studies have shown that helical doublepipe heat exchangers can be advantageous over straight double-pipe heat exchangers [9-13]. The
reason for this has to do with secondary flow, which is flow that is perpendicular to or generally
deviates from the direction of the overall axial flow (Figure 3) [14]. This secondary flow creates
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more turbulence within the flow in the heat exchanger, which helps in mixing the fluid and
provides enhanced convective heat transfer [2].
The Dean number (De), which is the product of the Reynolds number (Re) and the
curvature ratio of the pipe, is described by the following equations as:

𝐷𝑒 = 𝑅𝑒 √𝜅

(4)

𝜅 = 𝑎/𝑅

(5)

As shown, the Dean number is affected by the axial flow through the pipe diameter in terms of
the Reynolds number and the square root of the curvature ratio, 𝜅, which is the radius of the pipe
cross-section (𝑎) divided by the radius of curvature (R). In helical designs, centrifugal forces act
on the flow, which produce secondary flow. The Dean number equation can be applied to a
system with a small pitch, which is the height of one full turn on the helix, and a small aspect
ratio, which is the ratio of pitch to the radius of the helix [9]. Since a horizontal curved pipe has
an aspect ratio of zero, the Dean number can be applied. At a constant curvature ratio, the Dean
number is solely dependent on the Reynolds number of the flow and can be used to characterize
the magnitude of the secondary flow. To verify the Dean number correlation and provide insight
into the effect of flow velocity on secondary flow, the experiments in this thesis will operate with
a pipe of constant curvature and varying Reynolds numbers.
In their studies, Weissman and Mockros [15] found that Dean numbers lower than 20
show no significant difference in heat transfer effects when compared to laminar flow through a
straight tube. However, for larger Dean numbers (e.g. greater than 100), the heat transfer is
improved in a majority of the pipe section, often by well over 100%. Figure 3 shows the

r

8

difference in magnitude of secondary flow in helical tubing for Dean numbers less than 20 (left
in Figure 3) and greater than 100 (right in Figure 3). As shown, for Dean numbers less than 20,
there is a small amount of rotational, secondary flow, which would not result in significant heat
transfer changes. However, as shown in the right of Figure 3 with Dean numbers greater than
100, there is a greater magnitude of secondary flow (exhibited by larger circles, in both quantity
and affected area), which would result in significant heat transfer improvements [13]. For
reference, all Dean numbers in the experiments in this thesis are significantly greater than 100.

Figure 3. Secondary flow magnitudes in helical tubing with Dean numbers less than
20 and greater than 100 [13]

Particle-Laden Flow
Noorani et al. [16] simulated particle-laden turbulent flow in various pipe directional
configurations. They used the curvature ratio shown in Equation 5 to quantify the curvature of
each test. Noorani et al. analyzed the flows with micro-particles in straight pipes (curvature ratio:
 = 0), mildly curved pipes ( = 0.01), and strongly bent pipes ( > 0.1) with a Reynolds number
of 11,700. For reference, the curvature ratio of the curved pipe in this thesis was calculated with
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the radius of the pipe cross-section divided by the radius of curvature. The inner radius of the
pipe was 0.201 inches (outer radius of 0.25 inches; wall thickness of 0.049 inches), and the
radius of curvature, which was calculated based on the length of the pipe and a 90-degree curve,
was 26.75 inches. Therefore, the curvature ratio of the curved pipe used for experiments in this
thesis was 0.0075, which is near the classification for “mildly curved”, according to Noorani et
al. [16].
The purpose of the simulation run by Noorani et al. was to measure the curvature effect
of the pipe configuration on micro-particle flow and deposition [16]. Throughout both curved
cases, the particles tended toward the inner bend of the pipes while the velocity was a maximum
toward the outer bend of the pipes. Figure 4 exhibits the velocity magnitude profile of the three
pipe configuration cases, in which the velocity increases as the shading gets lighter. Figure 5
exhibits the projected particle distribution of the three pipe configuration cases, in which the
darker shading demonstrates higher particle concentration. Figure 6 exhibits the experimental
particle distribution of the three pipe configuration cases, in which the simulation supports the
projected particle distribution. Overall, the direct numerical simulations (DNSs) show that even a
slight change in the curvature of the pipe configuration with particle-laden turbulent flow
impacts the particle distribution and concentration due to secondary flow [16].
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Figure 4. Axial velocity of particle-laden turbulent flow through a straight pipe ( =
0), mildly curved pipe ( = 0.01), and strongly curved pipe ( = 0.1); (a) cross section, (b)
azimuthal section [16]

Figure 5. Projected particle distribution for particle-laden turbulent flow through a
straight pipe ( = 0), mildly curved pipe ( = 0.01), and strongly curved pipe ( = 0.1); (a)
cross section, (b) azimuthal section [16]
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Figure 6. Simulation of particle distribution for bent pipes for Stp 5, Stp25, Stp50
(from top to bottom); (a,c,e) mildly curved,  = 0.01, (b,d,f) strongly curved,  = 0.1; white
areas indicate lack of particles [16]

Feng and Michaelides [17] studied the inclusion of heat transfer computations for
particle-laden flows. They found that particles with different temperatures produce temperature
gradients and facilitate heat transfer to or from fluids. These different temperatures influence the
local densities of the fluid and produce upward and downward plumes. Hot particles created
upward plumes and cold particles created downward plumes. Additionally, Fend and
Michaelides found that thermal convection’s influence on the drag coefficient on particles was
based on the Reynolds and Grashof numbers. Their results showed that hot particles increased
heat advection at low Reynolds numbers while cold particles decrease heat advection at low and
medium Reynolds numbers [17].
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Mansoori et al. [18] used the thermo-mechanical turbulence model to predict heat transfer
specifics in gas-solid flow in vertical pipes with constant wall heat flux. They used four-way,
two-phase flow and Eulerian/Langrangian formulation to simulate upward turbulent gas-solid
flows in fully developed vertical pipes. First, the simulation found that high mass loading ratios
(up to 4.0) heavily increase inter-particle collisions. Second, the simulation showed that interparticle collisions amplify the effect of the solid particles in the flow to decrease temperature
intensity near the pipe walls and increase this intensity at the pipe centerline [18]. The
experiments in this thesis will focus on a mass loading of 1.0.
Boothroyd and Haque [19] researched the influence of the size of the particles on heat
transfer effects in particle-laden flow. They found that relatively smaller particles are more
beneficial for heat transfer than larger ones. While solid particles can increase heat transfer due
to greater thermal capacity, they can interfere with fluid flow patterns. These particles help create
turbulence in the flow, but if the particles are too large, they can actually interfere with the
turbulence; smaller particles will create turbulence and follow it without interfering with it. As a
result, Boothroyd and Haque concluded that small particles are more beneficial for heat transfer
in particle-laden flow, which was considered when choosing a particle size for the research in
this thesis.
To further the discussion on particle-laden flow, the relationship between curved pipes
and fouling will be discussed. Fouling is the accumulation of particles on the surfaces of a pipe
within a heat exchanger, and over time, this can reduce the transfer of heat across this internal
surface. According to Qi and Jiang [20], fouling can reduce the transfer coefficient by up to 25%.
They found that there are specific conditions that can influence the magnitude of fouling within a
system. First, experiments with low velocity fluid flow resulted in more sedimentation at the
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lower tubes of their parallel, multi-tube heat exchangers as opposed to higher velocity fluid flow
within this same system. In addition, an increase in the size and density of the particles within
the fluid flow was “unfavorable” for the particle distribution throughout the fluid and increased
the likelihood for fouling to occur [20]. Although increasing flow velocity and decreasing
particle size and density of the particles are feasible ways to reduce fouling, another method
involves using liquid-solid fluidized bed reactors. This specific type of reactor uses particle
injection and fluidization, and it can increase the heat transfer of the system by up to 8 times
higher, according to the work done by Qi and Jiang [20]. In the experiments in this thesis, the
concept of fouling will not be tested but will be considered as a possible factor for heat transfer
effects along the curved pipe.

Present Work
Chapter 1 provided an overview of research in fields related to heat transfer, heat
exchangers, fluidization, saltation velocity, curved systems, and particle-laden flow. The
research for this thesis aims to extend this previous research to explore and analyze the effect of
curvature on heat transfer in particle-laden flow.
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Chapter 2
Experimental Setup
The design of the experimental setup was essential in creating these experiments. Figure
7, Figure 8, and Figure 9 show the schematics for the experimental setup conducted for this
thesis. Compressed nitrogen gas was used for the gaseous flow through the system. There was a
pressure regulator at the beginning of the experimental setup to control the pressure of the
nitrogen bottles at 400 psi. A backpressure regulator at the end of the test section controlled the
pressure at 250 psi. Therefore, the gas entered into the test section at room temperature at 400 psi
and exited at a pressure of 250 psi with the gas temperature resulting from the influence of the
heat tape.
A MARK XV-HP powder feed system (Powder Feed Dynamics, Inc.) was used to
entrain copper particles (size -325 Mesh; Atlantic Equipment Engineers) into the flowing gas.
When choosing this feeder, two main factors were considered: maximum feed rate and operating
pressure. The maximum screw feed rate of the machine was 500 rpm, which equates to
approximately 2200 g/min of copper powder, and the required operating pressure was 250 psi.
While these two criteria were available in common powder feeders exclusive from each other,
both were needed in one powder feeder, which is not typically available for commercial
purposes. As a result, Powder Feed Dynamics, Inc. created a custom screw-feed powder feeder
system to meet the needs of these experiments. An electronic mass flow controller (MFC) was
used in this setup to remotely control the flow of the gas through the system, which was essential
for the accuracy and repeatability of the experiments.
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The core of the experimental setup was the test section, which was a 52-inch long, ½-inch
outer diameter 316 stainless steel pipe with a wall thickness of 0.049 inches. In this test section,
heat transfer effects were analyzed between the pipe and particle-laden gaseous flow. The test
section was 52 inches long with six measurement locations, and the first 15 inches of the test
section were used to mitigate thermal entrance effects for fully developed flow. Baseline
measurements were made using a straight pipe, as seen in Figure 7, which shows the straight
pipe test section with an inline orientation for simplification.

Figure 7. Schematic of experimental design for the straight test section

The entire schematic was designed and assembled on-site. The physical setup, as seen in
Figure 8, was the practical setup created to fit the constraints of the testing chamber and the
available parts for the straight tube experimental setup. As the schematic shows, the system starts
with a gas cylinder and passes through a pressure regulator to maintain the pressure at 400 psi.
After the pressure regulator, a mean fluid temperature is calculated with an Omega K-type
thermocouple probe (Model: KQIN-18U-6) to measure the inlet temperatures. The MFC controls
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the flow rate of the gas, and the powder feeder following this entrains the copper particles into
the flow. An exit tube from the powder feeder connects to the test section, which is the striped
cylinder in Figure 7; it is wrapped with heat tape and connected to a power source to power the
tape. After the test section, the particle-laden flow travels through a metal sintered filter (Mott
Corporation, 1-micron), which removes all of the copper particles from the flow. A final pressure
is measured at the backpressure regulator, to maintain the pressure as it exits the system.

Powder
Feeder

Test
Section

Filter

MFC

Figure 8. Physical setup of straight tube testing apparatus

To probe curvature effects in this testing apparatus, a pipe at equal length was bent with
a sweeping 90-degree bend angle, as shown in Figure 9. Besides the curvature of the test section,
the only other difference between the curved section and the baseline test section in Figure 7 was
that a spot welded thermocouple was placed on both the inner curve and outer curve at each of
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the six measurement locations on the outside surface of the pipe (the baseline test section only
had one spot welded thermocouple at each of the six measurement locations).

Figure 9. Schematic of experimental design for curved section

Several elements were applied to the test section to make it functional. First, the ½-inch
diameter 316 stainless steel pipe was designed to mimic the curvature of heat exchangers
currently used by the Penn State Applied Research Laboratory. The pipe was cut to the proper
length and then bent to create a sweeping 90-degree bend with a nominal curvature radius of
approximately 26.75 inches. This value was selected in order to achieve a sweeping 90-degree
curve of a 42-inch pipe section (5 inches on each side of the 52 inch section remained straight for
entry flow development and exit effects). Once the pipe was curved to the given measurements,
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six Swagelok ports were welded to the top of the pipe at each of the six measurement locations to
allow for the inserted probe thermocouples and pressure transducers. As previously mentioned, a
thermocouple was spot welded on the inner and outer curves at each of the six measurement
locations to take the wall surface temperature measurements.
BriskHeat® heat tape (Model: BWH052120L) was used to provide an element of heat
flux to the outer surface of the test section pipe. This tape had a maximum power of 13.1 W/in2
and was plugged directly into the wall for all tests to ensure that the heat tape was operating at
this maximum power output at a constant, definitive heat flux. As seen in Figure 10 and Figure
11, the heat tape was then wrapped tightly around the test section, ensuring the heat tape was not
overlapping and not touching any of the spot-welded thermocouples. To keep the heat tape in
place, copper wire was coiled uniformly around the heat tape; copper wire was used because it
could withstand the high temperatures of the tests. 1-inch thick, foil-backed Fiberfrax
Durablanket S® insulation was used to surround the heat tape. This insulation was secured in
place by additional copper wire to mitigate heat loss away from the test section.
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Figure 10. Curved test section with wrapped heat tape and unwrapped insulation

Thermocouple
Port

Spot Welded
Thermocouple

Figure 11. Measurement location thermocouple port and spot welded thermocouple
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Measurements and Methods
At each of the six measurement locations specified in Figure 12, an Omega K-type probe
thermocouple (Model: KQIN-18U-6) was inserted into the pipe through a port on the top of the
test section to measure the mean temperature of the flow. On both the outside and inside of the
sweeping bend, Omega K-type thermocouple wire was spot-welded to the pipe outer surface to
measure the wall temperature.

Location #: 1

2

3

4

5

6

Figure 12. Test section measurement locations 1 to 6 (left to right)

To monitor the system during tests and provide relevant information for analyses, several
other values were measured or collected. During each test, the mass flow rate of the nitrogen
carrier gas was recorded by the MFC, and the screw-feed rate (rpm) was specified on the powder
feeder and noted for future calculations. Using MATLAB (MathWorks), REFPROP software
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from the National Institute of Standards and Technology (NIST) was used to input fluid
properties into numerous equations for analysis.

Experimental Matrix
In these experiments, the independent variable is the Reynolds number (Re), which
changes the flow velocity of the gas used in each experiment, and the results of the experiments
will be compared with the results of the straight section baseline. As seen in Table 1 below, the
standard cubic feet per minute (SCFM) flow rate changes with respect to the Reynolds number;
SCFM is another way of characterizing the Reynolds number and was necessary to use with the
data acquisition software. A solids loading ratio (SL), which is the mass flow rate of the particles
divided by the mass flow rate of the carrier gas, of 1.0 was used for these experiments. To ensure
the solids loading ratio was met and maintained, the speed (rpm) of the powder feeder screw was
varied with the changing Reynolds number values. For example, to maintain a solids loading
ratio at 1.0 for a test with the Reynolds number at 30,000, the feeder must operate at 106 rpm,
but to maintain a 1.0 solids loading with a Reynolds number of 35,000, the feeder must operate
at 117 rpm. Therefore, while some factors are changed in these experiments, the only variable
inherently changing and potentially causing variance in the experiment outcomes is the Reynolds
Number.
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Table 1. Experimental testing matrix
Reynolds Number
(Re)

Nitrogen SCFM
(ft3/min)

Solids Loading Ratio

Feeder Speed (rpm)

30,000

7.7

1.0

106

35,000

9.1

1.0

117

40,000

10.4

1.0

128

45,000

11.7

1.0

139

50,000

13

1.0

150

55,000

14.3

1.0

161

60,000

15.6

1.0

172

These parameters were selected based on testing limitations. The MFC had a maximum
flow rate that yielded a Reynolds number value of approximately 60,000 for the given test
section diameter. Another limitation had to do with the number of repeated tests for each
Reynolds number. From Reynolds number values of 30,000 to 35,000, three experiments were
conducted at each value for repeatability purposes. From 40,000 to 55,000, two experiments
were conducted at each value, and at 60,000, only one test was run. This had to do with the
physical limitations of the powder supply. At the higher Reynolds number values, more powder
was used in a shorter period of time, which placed limits on how much powder was available for
each test. As a result, at the higher Reynolds numbers, the number of repeated experiments
decreased.
In addition, saltation velocity of the particle-laden flow was a limiting factor in these
experiments. To ensure the particles were entrained in the gaseous flow, the gas had to travel at a
velocity higher than the saltation velocity. As discussed earlier, the Reynolds Number is related
to the flow velocity of the gas. To ensure these experiments were run at a velocity higher than
the Reynolds Number at particular mass loadings, the Rizk equation [5] was used to calculate the
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saltation velocity. In Equations 6, 7, and 8, 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. Using this equation, the saltation velocity was determined for a
solids loading ratio of 1.0 under these experimental conditions. The minimum flow velocity was
then required to be at least a Reynolds number of 30,000.

1
𝑣𝑠
𝜇= 𝛿(
)
10 √𝑔𝐷

𝜒

(6)

𝛿 = 1.44𝑑 + 1.96

(7)

𝜒 = 1.1𝑑 + 2.5

(8)
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Chapter 3
Analytical Methods

Data Collection
In these experiments, temperature thermocouples and pressure transducers measured the
primary data points. Additionally, as stated before, the MFC collected the flow rate data.
Experiments were run at Reynolds numbers ranging from 30,000 to 60,000 in increments
of 5,000 (see Table 1). To achieve consistent and accurate results, each test followed a detailed
test procedure. At each Reynolds number, the system was brought to steady state after beginning
each test set. In this thesis, a “test” is defined as a set of experiments under identical conditions
run separately but in succession; an “experiment” is defined as the period of time in which
powder was flowed in the system and measurements were made over a span of 8 minutes. Prior
to running an experiment, the system was brought to steady state with gas flow only, and
temperature, pressure, gas flow, and powder screw-feed rate were measured at all times during
testing. Then, the powder feeder was turned on for 8 minutes to flow powder through the system
with the carrier gas and to reach steady state. For analysis purposes, only steady state
measurements were recorded. After the 8-minute experiment with powder flowing, the flow of
the powder was turned off and the system was purged with high velocity gas to ensure a minimal
amount of powder remained in the system. The procedure was repeated for each experiment.
Figure 13. Surface wall temperature readings along the inner and outer curves of the
curved test section at Re = 30,000 and SL = 1.0 shows the raw temperature data collected during
a representative test and shows an example test with annotations that describe how the data were
analyzed. This specific data chart exhibits the data of a test with three separate experiments at a
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Reynolds number of 30,000 and a solids loading ratio of 1.0, and all measurements were
collected at 10 Hz. This plot compares the wall surface temperatures of the inner and outer curve
thermocouples at each of the six locations labeled in Figure 12 in Chapter 2. After the test begins
and the heat tape is turned on, the temperatures at each thermocouple location rise and come to
steady state. Each color on the figure represents a different thermocouple location, which is
labeled in the legend on the right and shown schematically in Figure 9. The thin lines represent
the temperature readings of the inner curve thermocouples, and the thicker lines represent the
temperature readings of the outer curve thermocouples. After reaching steady state with gas flow
only, an experiment is run with particles flowing with the gas, which is represented by the
sudden change in temperature for each thermocouple at around the 1500-second mark. The
powder was flowed for 8 minutes in order to allow temperatures to reach steady state. The
powder feeder is then turned off and the experiment ends. When this occurred, the flow rate was
raised to the highest allowable value to purge the system. This high velocity gas is run for 30
seconds, and then the system is brought back to steady state to prepare for a new experiment
under the same conditions.

Gas
only
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Gas and
particles

Steady
State
Gas
Purge

Experiment 1

Experiment 2

Experiment 3

Figure 13. Surface wall temperature readings along the inner and outer curves of the
curved test section at Re = 30,000 and SL = 1.0

Several experiments were run successively in order to gather several data sets for the
same conditions and acquire more accurate and repeatable results. At a Reynolds number of
30,000, for example, the test consisted of three separate experiments in succession under the
same conditions; however, less experiments were conducted per test as the Reynolds number was
increased due to powder capacity restrictions and time constraints of testing associated with this.
Therefore, at higher Reynolds numbers, there could be more experimental uncertainty due to a
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lack of repeated experiments, despite showing consistent trends. The number of experiments
conducted per test at each Reynolds number is shown in Table 2.

Table 2. Number of experiments per test
Reynolds Number
(Re)

Number of
Experiments per Test

30,000

3

35,000

3

40,000

2

45,000

2

50,000

2

55,000

2

60,000

1

TOTAL

15

Calculations
MATLAB 2017b was used to import raw data and perform calculations to analyze the
heat transfer characterizations in the test section.
A first-law analysis of the test section described in Equation 2 and rearranged in Equation
11 equates the constant heat flux equal to the heat transfer coefficient times the change in
temperature from a wall location to the bulk fluid temperature. This indicates that for a given
heat flux, the driving force of the heat transfer is the difference between the wall temperature and
the bulk fluid temperature. Therefore, for given constant heat flux boundary conditions, a high
heat transfer coefficient (ℎ) will yield a small temperature difference between the wall and the
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fluid. Conversely, lower heat transfer coefficients will lead to a higher temperature difference for
a given flux. Therefore, in these experiments, knowing the flux and the temperature differences
allows for the calculation of the heat transfer coefficient.
The mass flow rate was controlled by the MFC during each test, and this value was used
to reach a specific Reynolds number in each test. The MFC recorded the mass flow rate in
standard cubic feet per minute (SCFM) and was converted to its equivalent flow rate in
kilograms per minute (kg/min) for conversion into a Reynolds number.
Another important variable in these experiments was the solids loading ratio. The solids
loading ratio, as mentioned in Chapter 2, is shown in Equation 9. The solids loading ratio was
either zero (gas only) or 1.0 (gas and particles) in order to isolate the effect of the Reynolds
number on the heat transfer in the system in each test. To produce this solids loading of 1.0, the
mass flow rate of the particles from the feeder and the mass flow rate of the gas had to be
equivalent. To do this, the mass flow rate of the carrier gas was controlled by the MFC, and the
mass flow rate of the particles was controlled by the powder feeder screw-feed rate.

𝑆𝑜𝑙𝑖𝑑𝑠 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 = 𝑆𝐿 =

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

(9)

REFPROP software was used in conjunction with MATLAB to analyze the thermophysical properties of the experimental results. Some examples of properties calculated with this
software include thermal conductivity and the specific heat of the gas.
Two important parameters in heat transfer research are the Nusselt number and the
convective heat transfer coefficient. The Nusselt number is a dimensionless number that is a ratio
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of convective heat transfer to conductive heat transfer across a boundary. The heat transfer
coefficient is a value used to quantify convective heat transfer between a fluid and a surface.
Equations 10 and 11 below represent the Nusselt number and heat transfer coefficient,
respectively. The inputs for the Nusselt number calculation are the heat transfer coefficient (ℎ),
diameter of the pipe (𝐷), and the thermal conductivity of the fluid (𝑘). The inputs to calculate
𝑞

the heat transfer coefficient are the heat flux applied at the wall (𝐴 ), the wall surface temperature
(𝑇𝑠 ), and the mean flow temperature (𝑇𝑚 ). 𝑇𝑠 and 𝑇𝑚 were measured and

𝑞
𝐴

was calculated

using the power input into the heat tape.

𝑁𝑢 =

ℎ𝐷
𝑘

(10)

𝑞
𝐴
ℎ=
𝑇𝑠 − 𝑇𝑚

(11)

The Nusselt number calculated for the experiments herein can be compared to other wellestablished Nusselt number correlations, such as the Dittus-Boelter correlation in Equation (12),
𝐿

which is valid under conditions with 0.6 ≤ 𝑃𝑟 ≤ 160, 𝑅𝑒𝐷 ≳ 10,000, and 𝐷 ≳ 10. Due to the
fifteen-inch thermal entry length prior to any relevant measurement locations in the test section,
the test section is assumed to be thermally fully developed, which is a requirement for the DittusBoelter correlation to apply. Due to curvature in the pipe, hydro-dynamically fully developed
flow is not achieved in the curved test section, which causes the deviation from the DittusBoelter correlation, which will be discussed in Chapter 4.

𝑁𝑢𝐷 =

0.023𝑅𝑒𝐷0.8 𝑃𝑟 0.4
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(12)

Experimental Uncertainty
Significant effort was made to reduce experimental uncertainty and to report remaining
uncertainties clearly. To remove uncertainty, a testing procedure was followed, which ensured
every test was structured and identical in terms of format across all tests. Also, all readings were
measured at steady state to reduce experimental uncertainty. Despite taking these steps, there
were limitations of the system that led to some uncertainty at high Reynolds numbers. As
mentioned, there were powder constraints that reduced the amount of experiments that could
have been run per test at the higher Reynolds numbers (see Table 2). Additionally, the powder
constraints increased the time required to run each experiment at the higher Reynolds numbers,
which led to time constraints with testing at these higher Reynolds numbers. However, the tests
run at the higher Reynolds numbers still showed consistent results with the trends of the other
tests, as seen in Appendix A.

Data Representation
The data presented in all sections, except in the Reynolds Number Heat Transfer
Differences section in Chapter 4, are represented by the experiments run at a Reynolds number
of 45,000. It was determined that experiments run at all Reynolds numbers exhibited the same
trends, so a representative experiment at Reynolds number of 45,000 was selected. The other
Reynolds numbers will not be explicitly discussed but are included in Appendix A for reference.
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The heat transfer coefficients for each Reynolds number were calculated and analyzed at
location 5 only; Figure 9 and Figure 12 visually display the locations along the curved test
section with the specific measurements calculated at each spot. Locations 1 and 2 exhibited
thermal entrance effects in all experiments. For experiments with the straight tube, location 5
was at the most fully developed flow region. Therefore, location 5 will herein be used as the
primary location of data comparisons.
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Chapter 4
Results
The results from testing are separated into four specific comparisons. The following
sections focus on each comparison to highlight key experimental results:
1) the heat transfer differences with gas only flow and gas/particles flow
2) the heat transfer differences between the inner and outer curves in the test section
3) the heat transfer differences between the straight and curved test sections
4) the heat transfer differences when the Reynolds number is varied

Gas Only Flow and Gas/Particles Flow Heat Transfer Differences
To provide insight into the heat transfer differences between gas only flow and
gas/particles flow, a temperature vs. position plot (Figure 14) for a Reynolds number of 45,000
and a solids loading of 1.0 was chosen. Figure 14 provides two subplots showing the temperature
measurements during steady state at the inner curve thermocouples (Twi), the outer curve
thermocouples (Two), and probe thermocouples in the flow (Tm) when only gas is flowing
through the test section. The subplot on the left shows the data sets for the two experiments run
in a test with a Reynolds number of 45,000 and a solids loading of 1.0. The subplot on the right
shows the average values representing both experiments; this is to provide one clear trend-line
for visual purposes. Figure 15 shows the same plots as Figure 14 but for data with gas and
particles. By comparing Figure 14 and Figure 15, it is evident that the particle-laden flow
changes the magnitude of the raw temperature data relative to the gas only flow. However, when
analyzing the heat transfer behavior, it is the difference between the wall and mean temperature
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that matters, which is seen in Equation 11. This is discussed in the Calculations section of Chapter
3.

Figure 14. Temperature measurements vs. position along test section with gas only; (left)
each individual experiment, (right) average values

Figure 15. Temperature measurements vs. position along test section with gas and
particles; (left) each individual experiment, (right) average values
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Table 3 shows the differences between the wall temperature at the inner and outer curves
and bulk fluid temperature for flows with gas only and gas and particles for all Reynolds
numbers. This is a compilation of the data shown in Figure 14 and Figure 15 as well as Figures
26-39 in Appendix A.
A majority of the tests in Table 3 show a decreased difference in temperature between the
wall and fluid flow. This is likely due to the fact that the particles have a higher thermal capacity
than the surrounding gas, absorbing more heat than the flow with gas only and lowering the wall
temperature more significantly. The heat transfer coefficient is inversely proportional to the
temperature difference between the wall surface and the fluid flow (Equation 11), which means
that the heat transfer improves if temperature difference decreases. Since this is the case for all
Reynolds numbers on both the inner and outer curves except for one case, the presence of
particles in the flow improves heat transfer.
The only case that was an exception to this trend was for the inner curve with a Reynolds
number of 35,000 (only 1% increase). This most likely occurred because the Dean number has
less of a role in heat transfer at lower Reynolds numbers. The inner curve showed a small 1%
increase in the temperature difference, but the outer curve for this respective test showed a 7%
decrease in the temperature difference, which still ensured a neat increase in heat transfer at a
Reynolds number of 35,000.
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Table 3. Differences between average wall temperatures at the inner and outer curves and
bulk fluid temperatures at location 5
Reynolds
Number

Twi – Tm
Gas

30,000

32.9

Twi – Tm
Gas and
Particles
32

Percent
Change

Two – Tm
Gas

-3%

23.1

Two – Tm
Gas and
Particles
19.6

35,000

30.9

31.1

+1%

21.3

19.9

-7%

40,000

28.6

23.8

-17%

19.5

10.9

-44%

45,000

27.4

23.7

-14%

19.1

10.4

-46%

50,000

27.0

24.6

-9%

18.9

10.3

-46%

55,000

25.4

23.7

-7%

17.3

9.7

-44%

60,000

24.0

22.1

-8%

16.2

9.2

-43%

Percent
Change
-15%

Inner and Outer Curve Heat Transfer Differences
The test section curvature affects the convective heat transfer, as discussed Chapter 1. To
compare the differences in heat transfer between the inner and outer curves, the Nusselt number
was plotted against axial position in Figure 16. Table 4 shows the differences in the Nusselt
number between the gas only flow and gas and particles flow at both the inner and outer curves
at all Reynolds numbers. This table takes the differences between the average Nusselt numbers
across locations 3 to 5 to analyze the overall heat transfer changes with and without particles. As
shown, every Reynolds number exhibits an increase in the Nusselt number difference for the
outer curve between the gas only flow and gas and particles flow when compared to the inner
curve, with the highest percent change between the inner and outer curve averages being +315%
at a Reynolds number of 55,000. This indicates the outer curve displays significantly more heat
transfer than the inner curve according to the Nusselt number changes between gas only and gas
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and particles conditions. Even though the outer curve exhibits greater heat transfer than the inner
curve, both curves have greater heat transfer than every location in the straight test section (see
Table 5), thus demonstrating the effectiveness of the curved pipe, as discussed in the next
section.

Figure 16. Nusselt number vs. position, Re = 45,000, SL = 1.0
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Table 4. Difference in the average Nusselt number (locations 3 to 5) between gas only flow
and gas and particles flow in the curved section
Reynolds
Number

Inner Curve Average
Difference Between
Gas only and Gas
and Particles

Outer Curve Average
Difference Between
Gas only and Gas
and Particles

Percent Change
Between Inner and
Outer Curve

30,000

26.4

60.8

+130%

35,000

25.8

63.4

+146%

40,000

42.4

137.7

+225%

45,000

43.4

142.1

+227%

50,000

41.5

148.2

+257%

55,000

38.2

158.7

+315%

60,000

88.2

247.2

+180%

Noorani et al. [16] (see also Figure 4) found that particle-laden flow through mildly
curved pipes produces higher axial velocities along the outer curve wall than the along the inner
wall. As discussed earlier, the Dean number describes the influence of axial velocity and
curvature on the magnitude of secondary flows. Since the axial velocities were higher on the
outer curve, it is likely that the Dean number is also higher there, which points toward
significantly more secondary flow on the outer curve than the inner curve with particle-laden
flow. However, the influence of the Dean number must be studied further in the future to prove
this (see Chapter 5).

Straight vs. Curved Test Sections
To compare the heat transfer differences between the straight test section and the curved
test section, the Nusselt number was plotted as a function of the position for both cases with a
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Reynolds number of 45,000 (Figure 17). Additionally, Table 5 shows the ratio of the Nusselt
number with gas and particles (Nup) flow to gas only flow (Nug) for the straight section, the inner
curve of the curved section, and the outer curve of the curved section. The Nusselt number ratio
(Nup/Nug) increases across each row at each respective Reynolds number.
It can be concluded that the curved section experiences more heat transfer than that of the
straight section. The inner curve of the curved test section has a higher ratio than the straight test
section at each respective Reynolds number. As expected, the outer curve of the curved section
has a significantly higher Nusselt number difference than that of the straight section and the
inner curve between the gas flow and the gas and particles flow. This is expected based on the
previous analyses that showed that the outer curve exhibits more heat transfer than the inner
curve due to secondary flow effects.

Figure 17. Nusselt number vs. position for straight and curved test sections
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Table 5. Ratio of Nusselt number of gas and particles to Nusselt number of gas only
Reynolds
Number

Straight Pipe
Nusselt Number
Ratio (Nup/Nus)

Curved Pipe Inner
Curve Nusselt
Number Ratio
(Nup/Nus)

Curved Pipe Outer
Curve Nusselt
Number Ratio
(Nup/Nus)

30,000

1.00

1.39

1.66

35,000

1.01

1.35

1.49

40,000

1.07

1.68

2.62

45,000

1.23

1.44

2.36

50,000

1.29

1.43

2.41

55,000

1.09

1.28

2.16

60,000

0.99

1.66

2.68

Reynolds Number Heat Transfer Differences
The Nusselt number was plotted against the Reynolds number for all experiments in
Figure 18. In this scatter plot, there are four separate conditions being shown: inner curve gas
only, outer curve gas only, inner curve gas and particles, and outer curve gas and particles.
Additionally, the Dittus-Boelter equation was evaluated at each Reynolds number to develop a
Dittus-Boelter correlation for these testing conditions in Figure 18.
As shown in previous analyses, the Nusselt number for the outer curve at location 5 under
each condition was greater than that of its respective inner curve thermocouple. Figure 18 not
only shows this trend at each Reynolds number, but also shows consistent trends in how the
Reynolds number causes differences in the Nusselt number across all experiments. Most of the
Nusselt numbers increased in near-linear fashion for the inner and outer curves with gas only and
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even the inner curve with gas and particles, matching the slope of the Dittus-Boelter correlation.
However, the slope of the outer curve with gas and particles is distinctly higher than that of the
Dittus-Boelter correlation for these testing conditions, which indicates significant heat transfer
benefits for curved, particle-laden flows.

Figure 18. Nusselt number vs. Reynolds number at location 5 with Dittus-Boelter
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Chapter 5
Conclusions
The results from these experiments led to several conclusions. First, the presence of the
particles increased heat transfer in the system as evidenced by the decreased temperature
differences between the wall temperatures and the bulk flow temperatures. Second, every
Reynolds number exhibited an increase in the Nusselt number difference for the outer curve
between the gas only flow and gas and particles flow when compared to the inner curve;
therefore, the outer curve experiences more heat transfer than the inner curve in the curved test
section. Third, the higher Nusselt number net differences for the curved test section when
compared to the straight section at every Reynolds number showed that the curved test section
experiences more heat transfer than the straight test section. Last, the slope of the outer curve of
the test section for particle-laden flow in the plot with the Nusselt number as a function of the
Reynolds number is significantly steeper than that of the Dittus-Boelter correlation for these
conditions. This shows that particle-laden flow in curved pipes offers a significant advantage
when compared to straight pipes and gas only flow.

Future Work
Future research into the heat transfer and pneumatic effects of particle-laden flow through
a curved pipe could yield further improvements in this area of work. While this thesis discussed
ways in which the heat transfer improves under specific conditions, some of these conditions
could be varied to provide a greater explanation as to why and how heat transfer is improved.
One way to do this would be to vary the solids loading ratio in addition to the Reynolds number.
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Another way to expand upon this research would be to explore the Dean number in more detail
to provide mathematical justification for what was observed in the system. Finally,
understanding the effect of curvature ratio as a function of the variables mentioned above would
aid in designing heat exchangers and pneumatic transport systems.
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Appendix A

Raw Temperature Data

Figure 19. Raw temperature, Re = 30,000, SL = 1.0
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Figure 20. Raw temperature, Re = 35,000, SL = 1.0

Figure 21. Raw temperature, Re = 40,000, SL = 1.0
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Figure 22. Raw temperature, Re = 45,000, SL = 1.0

Figure 23. Raw temperature, Re = 50,000, SL = 1.0
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Figure 24. Raw temperature, Re = 55,000, SL = 1.0

Figure 25. Raw temperature, Re = 60,000, SL = 1.0
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Temperature vs. Position

Gas Only

Figure 26. Temperature vs. position, gas only, Re = 30,000, SL = 0; (left) each individual
experiment, (right) average values
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Figure 27. Temperature vs. position, gas only, Re = 35,000, SL = 0; (left) each individual
experiment, (right) average values

Figure 28. Temperature vs. position, gas only, Re = 40,000, SL = 0; (left) each individual
experiment, (right) average values
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Figure 29. Temperature vs. position, gas only, Re = 45,000, SL = 0; (left) each individual
experiment, (right) average values

Figure 30. Temperature vs. position, gas only, Re = 50,000, SL = 0; (left) each individual
experiment, (right) average values
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Figure 31. Temperature vs. position, gas only, Re = 55,000, SL = 0; (left) each individual
experiment, (right) average values

Figure 32. Temperature vs. position, gas only, Re = 60,000, SL = 0; (left) each individual
experiment, (right) average values
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Gas and Particles

Figure 33. Temperature vs. position, gas and particles, Re = 30,000, SL = 1.0; (left) each
individual experiment, (right) average values
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Figure 34. Temperature vs. position, gas and particles, Re = 35,000, SL = 1.0; (left) each
individual experiment, (right) average values

Figure 35. Temperature vs. position, gas and particles, Re = 40,000, SL = 1.0; (left) each
individual experiment, (right) average values
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Figure 36. Temperature vs. position, gas and particles, Re = 45,000, SL = 1.0; (left) each
individual experiment, (right) average values

Figure 37. Temperature vs. position, gas and particles, Re = 50,000, SL = 1.0; (left) each
individual experiment, (right) average values
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Figure 38. Temperature vs. position, gas and particles, Re = 55,000, SL = 1.0; (left) each
individual experiment, (right) average values

Figure 39. Temperature vs. position, gas and particles, Re = 60,000, SL = 1.0; (left) each
individual experiment, (right) average values
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Nusselt Number vs. Position

Figure 40. Nusselt number vs. position, Re = 30,000, SL = 1.0

56

Figure 41. Nusselt number vs. position, Re = 35,000, SL = 1.0

Figure 42. Nusselt number vs. position, Re = 40,000, SL = 1.0
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Figure 43. Nusselt number vs. position, Re = 45,000, SL = 1.0

Figure 44. Nusselt number vs. position, Re = 50,000, SL = 1.0
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Figure 45. Nusselt number vs. position, Re = 55,000, SL = 1.0

Figure 46. Nusselt number vs. position, Re = 60,000, SL = 1.0
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