Development of thermal sprayed tube and mesh
heat exchangers for waste heat recovery

Xuerui Han

A thesis submitted in partial fulfillment of the requirements for the degree of
Master of Science
Department of Mechanical Engineering

University of Alberta

© Xuerui Han, 2020



Abstract

Development of a lab-scale heat exchanger with increased mesh to tube contact area was
accomplished by flattening tubing prior to attaching wire mesh. This novel heat exchanger
prototype utilizes thermal sprayed coating to attach wire mesh onto tubing surfaces instead of
conventional brazing or welding of extended surfaces. Twin wire arc spray equipment was utilized
to deposit stainless steel coating onto stainless steel mesh and tube. Four samples with varied
coating thicknesses and spray deposition settings were fabricated to be compared with an

unmeshed sample to quantify the heat transfer enhancement of the mesh.

A simple heated wind tunnel was designed in tandem with the lab scale prototype. Air propelled
by axial fan towards the sample placed inside a rectangular duct, is heated by a propane torch,
mimicking the environment at the exhaust of flare or flue gas stacks. Steady state inlet and outlet
water temperatures were measured. For heat transferred into the water, meshed and coated samples
performed 38% to 217% better than bare tube. Temperature difference trends were in line with
previous studies but magnitudes were 1.5 to 4 times greater, demonstrating the heat transfer

enhancement from wire mesh, flattened tube, and thicker coatings.

A fin model is developed to quantify the heat transfer from mesh wires and integrated into a
discretized energy balance to predict outlet temperatures a priori and quantify thermal resistances
in each sample. The results of the model indicate that coating thickness has the largest impact on
thermal resistance, with values at least 1 or 2 orders of magnitude greater than other thermal
resistances in the heat transfer network of the lab scale meshed tubular heat exchangers. The fin
temperature distribution also exhibits small lengths of temperature variation along the fin, meaning
future designs need not utilize fins longer than 4 mm, showing potential reductions in material,

weight and size without impacting performance.
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1 Introduction

1.1 Heat exchanger types and classifications
Heat exchangers transfer heat between two or more fluids. They can range in size from microscale

heatsinks used for cooling microchips up to cooling towers which can be several hundred meters
tall. Heat exchangers are useful in heating, cooling, and energy recovery processes. If the fluids
are kept separate, heat exchangers are commonly categorized into four main types by their flow
configuration: counter flow, parallel flow, crossflow, and hybrids of the previous types [1]. The
diagram below depicts each flow type. Note that while some diagrams depict single-pass flow,

multi-pass configurations do exist, especially for the hybrid flow configurations.

(1) (2)
A
.
- &
I !
(3) 4)

Figure 1: Four possible flow configurations of heat exchangers: (1) counter flow, (2) parallel flow, (3) cross-flow, (4) hybrid [2]
Another method to characterize heat exchangers is by dividing them into recuperative or
regenerative [3]. Recuperative heat exchangers work by having at least two concurrently flowing
fluids move within the heat transfer volume. Regenerative heat exchangers use one flow path,
alternating between hot and cold fluid flows. Regenerative heat exchangers can be dynamic or

static depending on if the component passing the heat is stationary or moving.



Recuperative heat exchangers can be further classified by whether there is fluid contact or not.
Indirect recuperative heat exchangers do not place the fluids in contact with each other and a wall,
tube, or other impermeable membrane prevents mixing [4]. Direct recuperative heat exchangers
put two fluids together with mixing by design as part of the heat transfer process, examples include
steam injectors or cooling towers. The mixed fluids may or may not be miscible and one of the
fluids may not be recovered in the heat transfer process. The figure below organizes the
aforementioned heat exchangers into a hierarchical diagram. The focus of this thesis is on indirect

recuperative heat exchangers.

J

Indirect

H

Figure 2: Heat exchanger categories
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Indirect recuperative heat exchangers have several working principles, one type uses fluid flowing
in concentric pipes (Double-Pipe), others have tube banks enclosed in a shell (Shell-and-Tube),
and yet another approach uses plate-fins which are attached to the tubes in order to enhance heat

transfer performance by increasing surface area [5].

Heat transfer in heat exchangers depends on a multitude of factors such as: heat transfer
coefficients of tube material and fluids, fluid flow rates, fluid flow characteristics, surface
geometry, extended surfaces, and heat transfer area. Conventional plate-fin exchangers utilize thin
fins attached to bare tubes with welding or brazing methods to increase the heat transfer surface

area [6].

The novel thermally sprayed heat exchangers covered in this thesis are derived from the
aforementioned indirect recuperative type heat exchanger. Instead of conventional joining methods

such as welding or brazing, these spray-on-mesh crossflow heat exchangers utilize wire mesh



bonded to the tube surfaces with a thermal sprayed coating process. A proposed usage case for

these tubular heat exchangers is waste heat recovery.

1.2 Low grade waste heat recovery
The oil and gas industry in Alberta accounts for over 80% of Canada’s crude oil production [7]. A

necessary component of natural resources extraction, transport and refining is flaring. The energy
sector uses flares to safely vent poisonous and/or combustible volatile organic compounds (VOCs)
which are an unusable or not captured as a byproduct from a multitude of upstream to downstream
processes. It may be uneconomical to store or process these VOC byproducts. These exhausts are
controversial due to their highly visible smoke, steam or flame emissions which could be a visual
indicator of greenhouse gas and/or pollutant release into the atmosphere. Release of VOCs directly
into the atmosphere without combusting them into carbon dioxide and water can be more harmful

to the environment.

Flare stack discharge temperatures are typically around 500 to 1100 degrees Celsius [8], [9]. Flue
gas chimneys are present to exhaust combustion end product. Cooling towers are ubiquitous in
many facilities in order to dissipate waste heat generated by industrial processes. By harnessing
these sources of waste heat to preheat feedstock or water for existing processes, operators can

reduce the energy demand and ultimately, carbon emissions can be cut down.

Energy recovered by a heat exchanger integrated into an organic Rankine cycle (ORC), electricity
can be generated via turbine, further reducing carbon footprints by capturing energy from waste
heat sources. A literature review by Mondejar, ef al. showed that ORC systems had the potential
to create 15% in fuel savings in diesel powered cargo ships [10]. A case study by Khatita, et al.
examines how different working fluids and operating conditions in an oil and gas plant in Egypt
would provide the best profitability, confirming that waste heat energy recapture is economically
feasible [11]. Lastly, Mudasar, ef al. showed that a biogas fueled ORC was “an efficient solution

for domestic scale power generation applications in rural areas [12].”

Unfortunately, flue gas and flare stacks present difficult operating conditions due to extreme
temperatures, rapid temperature changes, fouling agents from incomplete combustion,
carburization, and corrosive gas mixtures. It has been shown in real world case study, with the
right conditions, such as heat, humidity, carbide precipitation, metals used in flare tips are

susceptible to cracking from intergranular corrosion from a condition known as sensitization [13].

3



Other elements such as sulfur can also attack the metal by embedding ions within the material
causing corrosion. The usage of thermally sprayed coatings in order to protect stainless steel flare
tips from sulfidation and prolong service life has been successfully demonstrated in industry in a
Saudi Aramco study by Taie, et al. further showing potential for thermal spray coatings for use in

flue or flare gas waste heat recovery applications [14].

Conventional materials such as copper, aluminum or steel heat exchangers are not ideal for
operating in such environments due to factors such as material limitations (Al melts at 660°C, Cu
begins to form thermodynamically unstable oxides above 200°C), maintenance downtime (regular
removal of soot and other fouling agents requiring stoppage to flaring or exhaust operations), and
costs associated with fabrication and installation. A simple-to-fabricate, suitable material, and
scalable form-factor thermal sprayed heat exchanger may be a feasible solution to overcome cost

and material limitations for this application.

1.3 Thermal sprayed coating

The novel heat exchangers under investigation in this research utilize thermal spray processes to
bond wire meshes to heat exchanger tubes. Thermal spray processes are coating deposition
methods where solid particles or wires are fed into a nozzle and accelerated by gas propellants,
impacting substrate surfaces and forming coatings. In thermal spraying, particles are heated via
acetylene flame, electrical current, or plasma jet such that they are in a molten or semi-molten state
before landing on the substrate surface. Mechanical interlocking is the primary bonding

mechanism for the sprayed coatings as particles are deposited onto substrates [15].

Wire or powder particles can be customized with various alloys and nonmetallic materials to
enhance a coating’s performance depending on substrate surface characteristics, substrate material
properties, and operational environment demands [16], [17]. Not only have thermal spray coatings
have been developed for performance enhancing coatings, they have also been used in dimensional
restoration and can form strong multilayered, thick machinable coatings [18], [19]. The
customizability of coatings with the ability of multilayered buildup lends itself to high performance
and niche requirements such as acting as a structural bonding agent for an extended surface in a

heat exchanger operating at high temperature environments inside flare or flue gas stacks.

The present study aims to use thermal spray coatings for joining and heat transfer in fabrication of

coatings-based spray-on-mesh heat exchangers. Compared with conventional heat exchanger
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fabrication and joining methods in particular, industrial thermal spray methods are capable of
being automated with robotic manipulators applying precise coating thicknesses and in repeatable
trajectories for controlled surface areas, making fabrication less labor intensive than manual
joining methods like soldering or welding, commonly used to fabricate conventional tubular

exchangers [20]-[22].

1.4 Novel thermal sprayed heat exchanger
Thermal spray coatings have long been used as protective coatings on surfaces, including on heat

exchangers. In fact, this practice is used in industry as a method to enhance component integrity
and extend longevity by protecting steels used in corrosive environments such as high salinity or
humidity ocean marine applications or where hydrogen and/or sulfur are in high concentration

[23], [24].

In the following research, the focus is on utilizing thermal sprayed coatings beyond protective
outer layer(s). Thermal sprayed coatings can also be used in the fabrication of a heat exchanger
for structural and heat transfer enhancement purposes. Previous work is broadly split into two main

categories, thermally sprayed skin and thermally sprayed bonding.

Hafeez, et al. demonstrated the former with metallic foams. A plasma sprayed coating is deposited
on the outer faces of the metallic foam in order to form the shell of the heat exchanger while the
enclosed foam with its pores offers a volume for gas flow [25], [26]. Pore sizes affect pressure
drop of any fluid flowing inside the foam but also the coating process of the foam’s outer edges.
Large pores for reduced pressure drops may prove difficult to spray airtight coatings on the outer
faces and edges of the foam. Assaad, et al. uses another fill material but the same idea of
encapsulating a porous core with cold sprayed coating [27]. In their study, layer, folded or stacked
wire mesh is coated with an airtight cold sprayed coating. All of these approaches highlight the

containment structure approach of thermal sprayed coating use in heat exchangers.

The latter approach has been demonstrated by several studies, which use thermally sprayed
coatings as a bonding mechanism to enhance heat transfer area on tubular heat exchangers. Both
Rezaey, and Fu, et al. have all demonstrated this with their studies [28]-[30]. Both studies
investigated wire-arc spray as a method to attach wire mesh onto bare tubing, thereby increasing
their heat transfer area. The thermally sprayed attachment bonding gives greater flexibility to both

mesh pore size and tube dimensions. Unlike the previous method where foam pore size increases
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greatly disrupts coating feasibility, but small foam pores increase pressure drop, decreasing heat
exchanger efficiency. It is possible to attach mesh with greater variety of pore sizes with thermal
sprayed coating [28]. Thermal sprayed coatings used to bond surface area enhancements onto
substrate, such as fins on tubes, are an alternative to existing bonding methods such as welding or
brazing which may be uneconomical or difficult due to geometry, material properties, or required

application.

1.5 Spray-on-mesh for low grade heat recovery
The aforementioned wire-arc coating deposition method is applied to heat exchanger fabrication

such that wire mesh is attached to bare tubing. In doing so, the coating bonds the mesh to the bare
tubes, adding to the heat exchanger heat transfer area and enhancing heat transfer similarly to
welded, brazed or soldered fins in conventional tubular heat exchangers. Because the heat travels
through the tube wall into the coating and from the coating into the mesh (or the reverse direction,
depending on the temperature gradient), the coating must fulfill dual purposes: adequate strength
to hold the mesh in place during operation and high heat transfer coefficient to conduct heat

between the mesh and tube.

In addition, the coating must be able to withstand thermal cycling without cracking or delaminating
as flares may be operated at full capacity only intermittently. The melting point of the heat
exchanger materials must be well in excess of the maximum temperatures that can be reached in
the flare or flue gas stack. The coating must be erosion resistant as there may be particulate matter
carried by the moving gases in the flare or flue stacks. Lastly, coating materials must resist high

temperature corrosion and/or oxidation.

Out of the two aforementioned approaches, the thermally sprayed bonding method is selected over
the thermally sprayed skin due to the low pressure drop and improved fowling resistance. A metal
foam would be difficult to clean once soot and other particulates are trapped within its pores.
Furthermore, a large pressure drop is not feasible in a flare system, especially near the outlet where
flowrates and velocities must be high to facilitate good combustion of VOCs [8]. Wire mesh layers

can be configured to have less pressure drop than foam core.

Previous studies on heat transfer in mesh utilize different heat transfer pathways and predict heat
transfer coefficients or effective conductive coefficients from measurements at the base or edge of

the mesh or stacked mesh network, via soldered or other bonding connection. However the heat
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transfer enhancement capabilities of a thermally sprayed coating acting as a bonding mechanism
for an extended surface has not been studied in depth at high temperatures and forced convection

flow regime.

The interest in quantifying heat transfer in mesh goes back decades as evident in Tong and
London’s ASME study [31]. In Li and Wirtz’s study, the wire mesh is transferring heat away from
a heated plate which is attached to the mesh base. Heat transfer coefficient is calculated measuring
the rate of heat dissipation. The mesh geometry is a folded serpentine configuration [32]. Chang
introduces a theoretical model to predict an effective thermal conductivity for wire screens which
is highly sensitive to mesh porosity [33]. Shuangtao et al. use ultra-fine fins stacked in many layers
and create a numerical model. The porosity difference between their ultrafine mesh and the mesh
used in the present study is by one or two orders of magnitude [34]. These aforementioned mesh
modeling methods are insufficient for the present study due to differing mesh geometry, mesh heat

transfer application, and mesh connection method.

For a deeper investigation into the flow characteristics in a single mesh wire, Khan, Culham and
Yovanovich model the flow around a mesh to deduce heat transfer coefficients, building upon
basic correlations from Churchill and Bernstein, Morgan, Zukauskas, and Hilpert [35], [36]. The
idea of modeling wire mesh as fins is developed from two separate studies from Tian, ef al. and
Wang, et al., both studies use woven meshes whereas the present study investigates welded mesh
[37], [38]. Isothermal fins were modeled in the previous studies, this approach will be enhanced

by addition of adiabatic cross member fins that form the wire mesh.

Tian, et al. use heat transfer from heated face sheets soldered onto mesh layers to quantify heat
transfer coefficient. Their study investigates a host of parameters including wire mesh orientation,
shape, and material [39]. Similarly, Park, Ruch, and Wirtz test multilayered woven and welded
mesh, providing a modified Colburn j-factor [40]. In a study by Jones and Prenger [41], heat is
transferred via a common wall separating two ducts with mesh screens filling the duct cross
section, creating a different heat transfer pathway than the one created in this present study. All
three approaches are similar in terms of heat transfer from base plate onto mesh, and investigate
heat dissipation rates, as such they differ compared to the tube and mesh structure in the present

study. The current study utilizes wire mesh bonded to tube as extended surface enhance forced



convection heat transfer performance, imparting more heat into the liquid inside the tubes

ultimately increasing the water inlet and outlet temperature difference.

All aforementioned approaches are slightly different from the present study, whether it is in heat
transfer pathway, mesh type, orientation, geometry, or modeling approach. The closest related
studies were conducted by Fu, et al. and Rezaey in their studies on miniature tubular heat
exchangers with mesh attached via thermal sprayed coating [28]-[30]. The work presented in the
present study provides a more detailed look into wire mesh heat transfer performance
enhancement, coating thermal resistances, and mesh temperature distribution utilizing newly

designed tube and mesh heat exchangers with thermal sprayed coatings.

1.6 Objectives

The overall objectives of this study were to develop lab-scale spray-on-mesh and tube heat
exchanger with novel flattened tube profile for improved mesh to tube contact and thermal sprayed

coating application. This can be broken into the following stages:

1. Design and fabricate four lab-scale heat exchanger samples with differing coating parameters to
test the effect on heat exchanger performance.

2. Develop heat transfer model for spray-on mesh to predict outlet temperature with known inlet
properties and predict heat transfer coefficient.

3. Quantify thermal resistances in the thermal sprayed mesh and tube heat exchanger to identify
areas of improvement.

4. Understand fin temperature distribution to provide insight on fin geometry and size in future

designs to improve fin efficiency.

1.7 Thesis organization
Thermal sprayed lab-scale tube and mesh heat exchangers were designed and heat transfer

performance was tested. Chapter 2 describes the parametric design decisions as well as fabrication
procedure of lab-scale heat exchangers. Chapter 3 outlines the discretized heat transfer model
proposed to predict outlet water temperature while integrating wire mesh as extended surfaces. A
thermal resistance network is developed in order to compare the thermal resistances throughout
the heat exchanger heat transfer network. Chapter 4 discusses the experimental methods using the

custom designed heated duct setup for the forced convection heat transfer tests. Chapter 5 presents



the results and discussion. Measured temperature differences are presented as results of the heated
air force convection tests. Included in this section are resulting thermal sprayed coating cross

sections deposited with the various spray parameter combinations. Chapter 6 details conclusion

and possible future work for consideration.



2 Lab-scale meshed tubular heat exchanger design and
fabrication

2.1 Design of lab-scale heat exchangers
2.1.1 Tubing machining method

The flat tube design of the miniature heat exchangers is a continuation of the work completed by
Rezaey and Fu, ef al. with additional learnings being applied from attempts at testing Rezaey’s
industrial scale prototype heat exchanger [28]-[30]. Details on the attempted tests and difficulties

encountered with regards to the prototype heat exchanger are detailed in the Appendix A.

Fu, et al. used U shaped bends due to the ductile nature of aluminum [30]. Rezaey used threaded
pipe elbow joints to form the U shape bends due to less ductile stainless-steel tubing selected as
material for their miniature heat exchangers [28]. It was noted that the joint fittings were prone to
leakage. Considering usage cases where the heat exchanger is at -40 degrees Celsius winter
ambient outdoor temperature initially, and heated up to several hundred degrees when the flare or
flue gas exhaust is operating, thermal expansion and contraction could cause leakage in threaded
elbows which connect the heat exchanger tubing. Eliminating any extra leak points is beneficial to

operational reliability.

Images of both prior designs are shown in the figure below. In both designs, a woven wire mesh
is either placed flat atop of the tube or bent around the tubing in a wavy pattern to maximize

conformity to the tubing surfaces.

Figure 3: Rezaey (Left) and Fu (Right) lab scale samples [28], [30]
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The design chosen going forward adopts elements of both previous designs. A thicker wall
stainless steel tube is used. This tube can be bent, thus eliminating costs and leakage associated
with the elbow fittings while increasing the operating temperature with a higher melting point
material compared to aluminum. An additional design change is introduced. The rectangular area
where the wire mesh is to be joined to the tube will be compressed flat. The flattening of tubes was
derived from a study on flattened tube external flows for improved efficiency in residential heat
pump systems [42]. Although the study focuses on flattened tubes oriented parallel to the airflow
to decrease pressure losses, the flattened tube profile served as inspiration for the design in the
present study. The study does not utilize surface area enhancements such as mesh attached via
thermal spray. A diagram of the flattened tube cross section is included below. It is assumed that
the tube outer perimeter does not change and the tube flattening process does not affect the

thickness of the tubing.

A
11 mm
(0.45 inch) -
9.53 mm A
(0.375 inch) 9.7 mm
(0.25 inch) - 4.6 mm
0.18 inch)
A 4 Y

Figure 4: Tube dimensions round (Left) and flattened (Right)
Wire mesh acts as an extended surface attached to the bare, flattened tube. It was hypothesized
that a flattened tube surface will provide a better mating surface between the flat wire mesh and
the tube surface increasing both strength of the bond between the mesh to tube as well as heat
transfer performance by decreasing thermal resistance with increasing contact surface area. This
assembly method also eliminates the wavy pattern previously required for adhering mesh to tube,
improving manufacturability. Flattening the tube is a one step process and is less complex than
bending the flat mesh around round tubing and ensuring the mesh is in contact with the tube at all
points. A drawing of the assembly and press fabricated for compressing the tubing is included in

the Appendix B. A bent and flattened bare tube sample is pictured below.
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Figure 5: Bent and flattened bare tube heat exchanger

All design choices included consideration for machinability and compatibility with existing off-
the-shelf components. The tubing was available as standard 9.53 mm (3/8-inch) outer diameter,
fitting standard sized tube benders. The flattening press was cut with waterjet from steel plate.
Compression force is achieved by using high strength nuts and bolts inserted into bolt holes
throughout the steel plate, by design. The tubing ends were also left non-flattened to fit onto
industry standard compression fittings. This allows for direct integration with standardized pipe

fittings such as NPT threaded hydraulic appurtenances.

2.1.2 Wire mesh selection
There are many types of wire mesh available from off-the-shelf suppliers. Mesh comes in two

construction methods: weaved and welded. The convenience of off-the-shelf mesh offers includes
variety in pore sizes and wire diameter. Instead of the previously used weaved wire mesh, a welded
mesh is selected. In weaved mesh, the wires used in the mesh are interlaced creating a woven
texture which is not flat. Wires are interlocked above and below each other so they are no longer
straight, nor is the mesh truly flat. In welded mesh, the wire above, always stays on top and the
wire below always stays at the bottom. Thus, creating a much flatter mesh, suitable for bonding

onto bare tubing. Woven mesh also has steel wires in contact but not attached, whereas in welded
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mesh, the wires are fused together decreasing contact resistance for heat transfer between mesh

wires.

P =2 ae e
e

.

DTS S

Figure 7: Woven mesh sample [44]
The welded 4 pores per inch (PPI) mesh was selected due to previous experiments showing that
despite mesh density increasing (pore sizes decreasing) pressure drop across the samples were
quite low for meshes with pore sizes between 0.1 to 0.5 inches. Furthermore, smaller pore sizes up
to 10 PPI increase heat transfer performance, it was only at 20 PPI, that temperature differences
began to decrease [28]. The denser mesh has thinner wire which further improves machinability.
During fabrication, the wire mesh sheets were easily cut using a sheet metal brake because the
wire diameter was in the same as the sheet metal thickness the brake was designed to cut. Welded
mesh also holds its shape well without fraying after cutting or slight bending. Woven mesh wires

at the edges of a mesh patch tend to fray and fall out during handling.

2.1.3 Mesh clamping method

The wire mesh clamping method was finalized through many iterative tests. Initially, small
diameter metal wire was used to tie mesh to tube every few inches along the tube. This works well
to create small test pieces but was very time consuming as wire had to be bent, cut, and twisted

tightly to ensure a close bond between the wire mesh sheet and the bare tube’s flattened face. Wires
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used to tie the mesh to tube were not removable after the sample was coated as they were coated

along with the wire mesh.

Securing two layers of mesh sheet, sandwiching the tube, was difficult with the wire tie method.
Wires would not easily feed through wire mesh pores and line up while wrapping around the tube.
Another method was tested with machine screws and nuts. Screw heads and nuts were large enough
to interfere with the wire mesh pores, screw shank and thread sections could fit through the mesh.
This method was much quicker than using wires to tie the mesh(es) to the tube. Every few inches,
a screw and nut were used to compress the two sheets of mesh against the tube. Furthermore, this
method allowed most of the screws to be removed after spraying so long as their threads were not

filled with coating, jamming the nut permanently. The following figure shows both wire mesh

clamping methods.

Figure 8: Two wire mesh clamping methods, wire tie method (L) compared with screw and nut method (R) with partial masking
by aluminum foil to protect screw threads from coating deposition

During the wire-arc spraying process, samples were masked such that the only exposed areas were
where mesh was over bare tube. This selective deposition would ensure as much bare mesh was
left on the sample as possible because coated mesh would decrease heat transfer performance

compared to bare mesh. The coating was only to be used to attached mesh to tube. The masking
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also protected the threads of the machine screws from being filled with coating so the nuts could
be unscrewed after the coating process was complete. Several masking methods were trialed
utilizing woven heat resistant tapes, aluminum foil and finally aluminum sheet in order to mask
the coating without melting onto the mesh and bonding to the sample. Masking was also required
on the tube ends to ensure they were smooth and intact for installation of compression fittings at a

later stage of the experiment.

Figure 9: Various sample masking tests, heat resistant tape (Top Left), tape melted onto mesh after spraying (Top Right),
Aluminum foil over tap (Bottom Left), and Aluminum sheet secured with wire (Bottom Right)

Securing the sample in the sample holder placed within the spray hood was also an iterative
process. Initially, samples were placed onto a vertical plate and clamped at one end with clamps
placed on the bare tube section of the sample. This method was unfeasible as the samples moved
during the spray process due to the air pressure and particles launched from the torch nozzle onto
the sample. Both ends were clamped for the next test. The clamping method was deemed
unfeasible because the clamping force required to hold the samples securely meant that the screws
securing the mesh were compressed against the sample holder backplate and causing the mesh to
be pushed away from the tube surface. In the end, for the single pass linear pattern sample, a

modified clamping method was used to clamp the masking material rather than the tube or mesh.
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For the rectangular spray pattern samples (see next section for explanation on spray patterns), a
thin wire was used to hang the sample from a different sample holder setup to avoid putting
pressure on the sample and causing gaps between mesh and tube while ensuring the sample stayed
in place during spraying. The full-sized samples were much heavier than the test pieces so

movement during thermal spray deposition was not a concern. The final configuration for the mesh

on tube heat exchanger samples is shown in the figure below.

Figure 10: Heat exchanger tube with wire mesh fastened by screws and nuts, masked with aluminum sheet, hung from sample
holder with wire, tube ends protected with masking tape

2.2 Experimental Method

2.2.1 Wire-arc spray fabrication
A high-density arc spray coating system (Thermion AVD 456 HD, Thermion Inc. WA, USA) was

used to spray stainless steel wire (Metcoloy 2, Oerlikon Surface Solutions AG, ZH, Switzerland)
onto the flattened tube and mesh sheet assemblies. Four samples are fabricated in order to compare
several coating parameters. In this study, there are two aspects of the coating process which are
manipulated, spray nozzle tip trajectory and speed. All other spray parameters were set in
accordance to the results of a previous study which found the appropriate standoff distance, current
and voltages to deposit the strongest and least porous coating [29]. A custom gantry style robotic

manipulator was set to two torch tip movement speeds: 500 and 1000 inches per minute.
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Two spray patterns were utilized. For the rectangular pattern, the robot sprays one horizontal pass
followed by a small vertical step and then another horizontal pass in the opposite direction
followed by a small vertical step, continuing for a user specified total vertical distance and
horizontal pass length, forming a rectangular spray area. A linear pattern was also possible due to
the slender coated area where the mesh is over the flattened tube section and the sufficient width
of the wire-arc spray plume. Only the interface area where the mesh is in contact with the tube flat
surface requires coating deposition in order to bond the mesh to the tube. A single pass back and
forth over the mesh where the tube is located creates a more consistent coating with the plume
centered directly over the area of interest. See the figure below for a schematic of the different
spray patterns on the lab scale heat exchanger sample. The following table summarizes the spray

parameters used in the fabrication of lab scale spray-on mesh heat exchangers.

7
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Figure 11: Rectangular shape spray torch trajectory (Left) and linear torch trajectory (Right)

Table 1: Wire arc spray parameters (settings for best coating as defined in previous work [29])

Parameter Value

Torch Value Arc
Wire feed rate 7 m/min
Voltage 34V

Inlet Pressure 689 kPa (100 psi)
Standoff distance 152.4 mm (6 inches)

Coating thickness was determined based on mesh wire diameter. The wire used had a 0.81 mm
(0.032-inch) diameter. Actual sample thicknesses are not possible to measure because the coating

does not spray evenly onto the wire mesh and tube interface resulting in areas of thinner coating
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atop the wires and thicker coating where wire mesh pores topology accumulated thermal sprayed
coating. Several small test pieces of mesh and tube were used to test different coating thicknesses
before any samples of the lab scale heat exchangers were made. A few passes were deposited each
time, after which the sample thickness and weight were measured. It was determined through cross
section cuts put under a microscope, coatings greater than 0.9 mm thickness was sufficient in fully
embedding the wire underneath the coating and onto the flattened tube surface. Bare tube segments
were used to test the coating thickness buildup per pass. This information was used to fabricate
the meshed samples. It was found that for the 212 mm/s low spray torch tip speed (500 in/min),
11 passes were sufficient to build up a 0.9 mm thick coating. For the 423 mm/s high-speed spray
(1000 in/min), 22 passes were required.
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3 Mathematical model for lab-scale heat exchanger heat
transfer heat transfer analysis

3.1 Discretized heat exchanger energy balance
In order to develop a model to predict temperature rise in the heat exchanger, an energy balance

for a small section of the heat exchanger is conceptualized from the sample.

Surface convection

Infinitesimal
Volume of
Coating on

Tube

Fin heat input —| > Heat transfer into tube

.
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Figure 12: Energy Balance Conceptualization
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Figure 13: Energy balance for infinitesimal section of finned heat exchanger
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From this energy balance, we can derive a first order different equation as follows:

. : oT
mC,T + Qfin + Qrube = MCp (T + aazx>

; . . aT
meT + grindx + UtubedAtube(Too - Ts) = me (T + adx)

If wall resistance is neglected, assuming perfect contact between fin and tube T =
Twater inside = T, furthermore dAype = Prupedx, then the equation simplifies to:

. T
dfin T UtubePtube(Too - T) = me a

dT UtubePtube Utubeptube

- T = To T

ax T e, mc, o dn

3.2 Defining all components of ¢y, for each discretized segment

B-1
3-2)
(3-3)
B3-4)

In order to quantify the contribution of the mesh wires, they are modelled as fins. The wire spacing

in the fin creates pores in the mesh that are 6.35 by 6.35 mm (0.25 by 0.25 inch). Thus, it is

convenient to consider each unit cell consisting of a single wire (with cross wires) and divide the

heat exchanger into 6.35 mm (0.25-inch) sections. gg, is a constant for each segment (dx =

6.35 mm) and is composed of two types of wires modelled as two types of fins. Longitudinal wires

are bonded directly to the tube with thermal sprayed coating. The grey rectangle in the above

diagram represents the thermal spray coating adhering the wire mesh to the tube. Longitudinal

wires extend outwards from the tube axially. Connected to longitudinal wires are transverse wires

which extend perpendicularly, at regular intervals, from the longitudinal wires.

Longitudinal Fin / / /
4—\_/
0.625in
Transverse Fin
0.375in N N 77

Tube
0.125in

0.25inch{ / / /Meshw.re
[ ]/

dx 0.25inch

Figure 14: Unit cell section of heat exchanger (L) and three consecutive H-EX segments with different colored fins (R)
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The longitudinal fins are modelled as infinite length fins and the transverse fins are modelled with
an insulated tip condition. The Temperature distribution and heat transfer rate equations for the

two fin types are as follows:

Table 2: Fin temperature distribution and heat transfer rate equations

Tip Condition Temperature Distribution Fin Heat Transfer Rate
Adiabatic T —To coshm(L—x) JhPkA(T., — Ty,) tanh mL
Ty — Te coshmlL
Infinite Length T—Tyw p— JhPKkA(T, — Tp)
Ty — Ty
Where, m? = 22
7

Neglecting wall resistance of the coating and tube interface, it is assumed for the longitudinal fins,
that Ty = Twaterinside = I - Furthermore, the transverse fins are assumed to have a base
temperature which matches the temperatures of their point of contact with the longitudinal fins,
thus neglecting contact resistance between the welded mesh wire intersections. The temperature

distribution for the longitudinal fin is used to calculate the base temperature for each transverse

fin.

There are 4 longitudinal fins extending from each tube segment. From each longitudinal fin, there
are 6 transverse fins at 3.175, 9.525, 15.875 mm (0.125, 0.375 and 0.625 inches) (see Figure 14).
The heat exchanger is divided into 6 straight tube finned (meshed) segments of 203 mm (8-inch)

each as shown in the diagram below:

1 ! 2

-

Figure 15: Heat exchanger tube cross section with fins labeled 1 through 4
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Figure 16: Heat exchanger segments with length labeled

Thus the total number of segments if each segment is 6.35 mm (0.25 inches), is 196 segments.

3.3 Solving the 1% order linear differential equation
With the heat transfer from fins defined and constant for each discretized segment, we can solve
the following 1* order linear differential equation

dar + UtubePtube T = UtubePtube

— T, + 3—4
dx " me, mC, fin 3-4
Utubeptubedx Utub_ePtubex
Multiply all terms by the following integrating factor: u(x) =e” ™ =e ™

UtubePrube, T U, .. P UtubePtube U..r P, UtubePrube
; x tube!tube ; X tube!tube . ; X
e M™r T —+———e ™ T= <— Too + CIﬁn> e ™o (3-5)

dx me, e,
Utub.eptube ! U P Utub.ePtube
<e i xT) = <—tUb_e twbe 4 (:Ifin> e M (3-6)
me,
Utub.ePtubex ! U P Utub.eptubex
] <€ mCp T) dx = j <_tub.e tube To + qfin) e ™Cp dx (3 - 7)
me,
Utub.ePtube 1e.-mC Utub.ePtube
Te ™ x+c:(Too _Atin™2p p)e w4k (3-9)
Utubeptube

Combining the two unknown constants:

Utub‘eptube 1e:.-mC Utub.ePtube
Te Mo = (1,4 R e MGy (3-9)
UtubePrube
1e.-mC _Utub.eptube
T(x) = Tpy + —H020 | ™ G (3 — 10)
UtubePtube
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Use the initial value at entrance to solve for constant b:

T(O) = Tinlet (3 - 11)
TeinMC
T(0) =T, + in™Mp | o (3-12)
UtubePtube
C.Ifinmcp

b =T —Tpy — ———L2 (3-13)

nlet UtubePtube

Thus:
1e. - mC 1e:..mMC _Utub'ePtube

T(x) = T, + 000 (Tinlet — T, — M) e Mo (3 — 14)

UtubePtube UtubePtube
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4 Application of lab-scale heat exchangers in heated air tests

4.1 Design of simple heated wind tunnel
4.1.1 Fan and duct design

In order to test the heat exchanger in conditions similar to flare stack exhausts, a testing apparatus
consisting of a fan and duct were designed. Previous learnings from the three prototype heat
exchanger tests show that the following factors are guidelines in the design in order to achieve a

measurable inlet to outlet temperature difference:

e A high temperature air source is required, on the order of several hundred degrees Celsius
e Air source must also flow quickly in the order of several meters per second for convection

o The quick flowing air must be hot enough or the duct insulated enough so the air is still hot upon

reaching the heat exchanger tube / mesh

e The duct length must be sufficient to allow air to mix to a uniform temperature after being heated
and before reaching the heat exchangers located downstream inside the duct

e The difference in crossflow air and tube water temperature should be maximized

o The heat source should not be a point source or moved across the heat exchanger cross section

e A distributed heat source is ideal, the heat exchanger samples should occupy the whole duct cross

section in order to capture maximum heat

A previous duct and fan combo unit utilized a vane axial fan (DDA12T10033B, Canarm/LFI Ltd.
ON, Canada) to propel air into a rectangular cross section duct. The setup was effective at moving
air upwards of 5 m/s, as such another fan was ordered in-kind from Canarm Ltd. A custom duct
with integrated adapter was designed and sent to Midwest Fabricators Ltd. Drawings for the duct
are shown in below. One end of the duct is designed to fit the 1-foot diameter axial fan outlet. The
duct transitions into a 254 mm by 305 mm (10 inch by 12 inch) rectangle cross-section in order to

fit the lab scale heat exchangers, the photograph in the figure shows the fit.
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Figure 17: Duct drawing and detailed views of slot, sample fitment, and torch insertion

4.1.2 Heating source for duct

12in

A propane torch setup was utilized in order to provide sufficient heat input into the air flowing

inside the duct in order to heat the air upwards of 700 degrees Celsius. Preliminary testing of this

heating method was conducted with an existing galvanized sheet metal duct and fan system which
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was built for cold room testing. The propane torch design was inspired by propane fed, forced air
construction site heaters. Upon verifying the proposed heating method was sufficient at achieving
the high temperature airflow, a stainless-steel duct was built in order to withstand the extreme heat

and flame impingement as the thin galvanized duct warped from the high temperatures.

A hole was cut in the side of the stainless-steel duct, slightly downstream from the vane axial fan,
in order to feed the torch tip into the duct. The propane torch (Model No. 95-B, Tiger Torch Ltd.
AB, Canada), fan and duct setup was constructed at the University of Alberta Protective Clothing
and Equipment Research Facility. This lab designed for combustion testing in order to ensure safe
operation. A custom electrical trigger and igniter box was wired to ensure controlled ignition and
safe operation. Extra foil tape was used to seal the area around the torch tip to prevent airflow

escaping and drawing the flame out at the port in the duct instead of downstream of the duct.

A regulator was used on the propane tank, the outlet pressure was set at 34 kPa (5 psi), the lowest
level required for consistent ignition and stable combustion. Custom sized orifices were inserted
into the torch stem to further adjust the gas flow in order to have stable combustion while the fan
was blowing over the torch tip inside of the duct. At higher gas regulator settings, the flame tips
could extend outside of the duct (several feet in length) and create extremely high temperatures
(measured upwards of 700 degrees Celsius). The final pressure was set such that there was
sufficient combustion gas pressure at the torch tip such that the flame stayed ignited near the torch
tip and did not burn back up the torch stem. In an effort to protect and preserve the samples during
initial testing, for the following tests the pressure was decreases such that the flame length was
contained within the duct and not directly impinging onto the samples. As such, future tests which

aim to push the upper limits of the materials can be conducted at higher pressures.

Figure 18: Propane torch flames reaching the outlet of the duct (Left), Propane torch head sealed into duct port with heat
resistant foil tape (Right)
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4.2 Experimental method

Samples were placed near the outlet of the duct where a set of movable covers were installed. The
covers were guided by rails near the outlet of the duct to allow the sample to move forward and
backwards up to 457 mm (18 inches) (see Figure 17). Samples were placed as far back as the duct
opening allowed and the flame was extended as far downstream as possible (by adjusting the
regulator pressure) to heat the air up as much as possible but without directly impinging onto the

samples themselves. Thus the samples were considered to be heated by flame heated air only.

4.2.1 Fan and propane torch operation
The fan was started and sufficient time elapsed to ensure the fan was spinning at full speed before

the torch was ignited. Because of the placement of the torch directly downstream of the fan, it was
imperative that the torch was ignited only after the fan was operating. Otherwise, without the
airflow, the flame would cause damage to the fan and duct area closest to the torch tip. Each test
could require upwards of ten minutes to reach steady state, care is required to ensure propane
pressure is constant throughout the test and fan temperatures are not too high to damage the motor.
Operating the propane torch heated duct and fan system for more than fifteen minutes continuously
resulted in the fan noise changing and suspected degradation of performance. As such, operating
the system for longer than required is not recommended unless a higher temperature rated fan or

fan cooling system is used.

4.2.2 Hydraulic system configuration
Domestic cold water was supplied through a hose, into a fine particulate filter and throttling glove

valve before being fed through a turbine flow meter (FTB-421, Omega Engineering, Inc. QC,
Canada) just upstream of the sample, and finally into the lab scale heat exchanger samples. The
turbine flow meter was connected to a Teensy USB Development Board (3.2, PJRC.COM, LLC.
OR, USA) with a frequency counter program loaded into the board, as USB cable attached to a
laptop computer displays the readout.

Lab scale heat exchangers were made from 9.5 mm (3/8-inch) diameter stainless steel tubing (SS-
T6-S-035-6M, Swagelok Company, OH,USA) bent to shape and flattened at specific lengths. At
each inlet and outlet of the samples, a threaded compression fitting (SS-600-1-4, Swagelok
Company, OH,USA) connected to a tee fitting (SS-4-T, Swagelok Company, OH,USA) is used to
allow for a probe tip J-type thermocouple (TC-J-NPT-G-72, Omega Engineering, Inc. QC,
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Canada) to be inserted in order to measure the inlet and outlet temperatures. A diagram of the
liquid system is shown below in Figure 19. It was found that the throttling valve was very imprecise
due to the large diameter (the throttling valve was installed at the % inch diameter section). A

needle valve installed at the 9.5 mm (3/8-inch) diameter section could provide finer flow control.

3/8 inch 1/4 inch 3/4inch
Tube Fitting NPT NPT
Pipe Plug
Thermocouple Frobe
ko lok Straight Tubine Filt
wagelok Straigl \ iter ) )
Compression Fitting Flexible Hose Flow Meter ggssl?:é Flexible Hose ?.’I:I:: Y-Strainer  Flexible Hose Domestic Cold
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( Swagelok Tee
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<: Direction of flow

Swagelok Tee

Swagelok Straight
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Tube Fitting NPT NPT

Figure 19: Liquid system of lab scale heat exchanger test setup

4.2.3 Temperature measurement

A pair of J-type thermocouple wires (GG-J-24-SB, Omega Engineering, Inc. QC, Canada) were
attached to a pitot tube (475-1-FM-AV Air Velocity Kit, Dwyer Instruments Inc. IN, USA) and
used as a measurement probe. In total, the duct cross section was split into 16 rectangular sections
(only 12 were accessible by the probe, the bottom row was not reached due to probe length
limitation), measurements of air temperature and pressure were taken at the center of each
rectangle after the system had reached steady state. All temperature and flow rate data were
collected at 1 Hz frequency with an Omega (OM-DAQPRO-5300, Omega Engineering, Inc. QC,
Canada). A diagram of the measurement points in the duct cross section is shown below in Figure

20.
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Figure 20: Duct cross section measurement points (red dots) for air pressure and temperature, Pitot tube and thermocouple
probe used for measurements (Bottom Left)

Five heat exchanger samples were tested inside the heated duct. One sample was a bent and
flattened bare tube, with the four other samples each made with a different coating application
trajectory and thickness combination. Each sample was tested at four water flow rates: 560, 860,
1120, and 1400 mL/minute. Airflow was supplied by a constant single speed fan and air speed
varied based on sample porosity. To ensure measurements were recorded at steady state, the test
was stopped only when the measured outlet water temperature no longer increased for at least 45

seconds.
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5 Results and Discussion

5.1 Steady state measurements

5.1.1 Water temperature difference at four flowrate set points
Steady state water temperature difference measurements for each of the five samples are presented

in the table below. Each sample is tested at four flowrates: 560, 860, 1120, and 1400 mL/min. Inlet
temperatures are a measurement of the domestic cold-water supply temperature which fluctuated
between 8 to 12 degrees Celsius. A previous study by Rezaey tested similar samples of reduced
size (7 inch by 7 inch vs. 12 inch by 8 inch) and tube diameter (1/4 inch outer diameter vs. 3/8
inch outer diameter) at flowrates from 500 to 900 mL/min [28]. The lower two flow rates tested in

the present study can be used as comparisons to the previous study.

Table 3: Inlet and outlet water temperature measurements for each sample at four flowrates

Sample Flowrate  Tinlet  Toutlet AT

- mL/min °C °C °C

Bare Tube 560 11.2 25.8 14.6
Bare Tube 860 9.6 19.9 10.3
Bare Tube 1120 94 18.0 8.6
Bare Tube 1400 12.2 17.1 4.9
500 in/min, Rectangular Pattern, Thin 560 11.2 29.9 18.7
500 in/min, Rectangular Pattern, Thin 860 11.2 24.6 13.4
500 in/min, Rectangular Pattern, Thin 1120 9.2 20.8 11.6
500 in/min, Rectangular Pattern, Thin 1400 9.0 17.2 8.2
1000 in/min, Rectangular Pattern, Thin 560 11.3 35.0 23.7
1000 in/min, Rectangular Pattern, Thin 860 10.1 25.2 15.1
1000 in/min, Rectangular Pattern, Thin 1120 8.9 22.4 13.6
1000 in/min, Rectangular Pattern, Thin 1400 9.2 19.0 9.8
500 in/min, Rectangular Pattern, Thick 560 7.7 514 43.7
500 in/min, Rectangular Pattern, Thick 860 9.4 39.7 30.2
500 in/min, Rectangular Pattern, Thick 1120 9.3 335 24.2
500 in/min, Rectangular Pattern, Thick 1400 7.1 27.9 20.8
500 in/min, Linear Pattern, Medium 560 94 38.5 29.1
500 in/min, Linear Pattern, Medium 860 9.1 27.6 18.6
500 in/min, Linear Pattern, Medium 1120 8.4 22.6 14.1
500 in/min, Linear Pattern, Medium 1400 9.5 22.1 12.6

5.1.2 Air temperature measurements
In the table below, the average air temperature and speeds for each sample is listed. As expected,

the bare tube sample, which had the least airflow restrictions, resulted in the highest air speed. Air

speed and air temperature have an inverse relationship. When the axial fan supplied airflow is
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unrestricted, the air carries the heat from the propane torch flame out of the duct at a more rapid
rate and therefore lowers the duct average air temperature. Hence, for the bare tube sample, average
duct air temperature measured at the sample is lowest. For the thickest coated sample, the reduction
in mesh porosity caused by the thicker coating results in airflow restrictions. This is evident in the
lowest measured average air speed. Air accumulating upstream of the sample reduces the rate that
the air carries the heat out of the duct, therefore increasing the air temperature measured at the

sample.

Table 4: Crossflow air temperature and speed measurement

Sample Average Air Temp Average Speed
- °C m/s

Bare Tube 177 £126 (n=12) 84+£29(n=12)
500 in/min, Linear Pattern, Medium Coating 223+ 184 (n=12) 6.4+39(n=12)

1000 in/min, Rectangular Pattern, Thin Coating 237 + 201 (n =12) 58+34(n=12)
500 in/min, Rectangular Pattern, Thin Coating 227+ 187 (n=12) 58+35(n=12)
500 in/min, Rectangular Pattern, Thick Coating 272+ 187 (n=12) 48+1.0(n=12)

There is a large standard deviation for both air temperature and speed. A mesh section upstream
of the sample could be used in the duct to promote better mixing of the air for a more uniform
temperature. A flow straightener could also be used to decrease the lateral velocities of the air to
reduce speed (pressure) measurement differences. Increased number of measurements may also
help to reduce standard deviation and identify measurement outliers after normal distribution is

demonstrated.

The figure below is a plot of the temperature difference data for each flowrate across all five
samples. As expected, the coating thickness has a direct relation to temperature difference. Thicker
coated samples had greater water inlet and outlet temperature difference. Bare tube samples had
the smallest temperature difference, meaning all meshed samples exhibited heat transfer
enhancements from the wire mesh extended surface. Lower flow rates resulted in higher water
inlet and outlet temperature differences because the water had a longer duration spent inside the
heated area of the heat exchanger and was subjected to higher amounts of heat transferred into the

same volume than at higher flow rates.
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Figure 21: Temperature difference plot for all samples at four flow rates
In general, the temperature difference treads agree with the previous study by Rezaey. The
magnitude of temperature difference however, was 1.5 to 4 times greater than measured from
Rezaey’s studies [28]. This increased performance is due to several factors which differentiate the
samples in the present study from the previous study. Factors which serve to enhance the
performance of the samples in the present study compared to Rezaey’s study include larger mesh
area, longer heated tube length, and thicker coating between wire mesh and tube. Factors which
benefit Rezaey’s samples in terms of heat transfer performance include higher pore density mesh
(5, 10, 20 PPI vs. 4 PPI in the present study), higher average air temperatures (upwards of 320
degrees Celsius vs. 272 degrees Celsius), thinner tube wall (0.01 inch vs. 0.035 inch), and smaller
diameter tubing (1/4 inch vs. 3/8 inch). Despite more factors leaning in favor of samples in
Rezaey’s study, the results are indicative that coating thickness between the mesh and tube greatly
improve the heat transfer performance over the other factors. Coating thickness thermal resistances

are further discussed and quantified in section 5.6.
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5.2 Flow characterization in lab-scale heat exchangers

5.2.1 Rate of heat transfer in heat exchangers
Rate of heat transfer between two fluids in a heat exchanger is given by the following equations:

Q = UAAT = U;AAT = U, A, AT (5-1)
Where Q is the heat transfer rate in Watts, U is the overall heat transfer coefficient, A is the surface

area, and AT is the temperature difference. When the heat transfer between fluids separated by a

solid wall is modeled as a resistance network, there is an overall resistance R as follows:

. AT (5—2)
¢=7%
This resistance is composed of the stages in which heat transfers through one fluid to a wall and

from the wall to a second fluid as illustrated in the diagram below:

Cold __
fluid

Hot
fluid

Heat
transfer

Cold

Figure 22: Thermal resistance network associated with heat transfer in a double-pipe heat exchanger [45]

From the diagram, all resistances are in series and the total resistance is the sum:

1 1
R=—+4 Ryt + —— 5—3
hlAl wall hOAO ( )
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As can be seen, two components of the total resistance are convective resistances, and the wall
resistance is a conductive resistance. Combining the three previous equations and cancelling the

temperature difference:

1 1

1
R=_+Rwall+

UiAi Uvo hiAi hvo ( )
For a thin stainless-steel tubular heat exchanger:
in(3)
i
Ryan = ——7= (5-5)

Since the length of the tube, L, is large, the thermal conductivity, & is high, and the tube walls are
thin, the thermal resistance of the tube is negligible, but the wall resistance term is still included in
the equation below. Also since wall thickness is small, 4i = A,. Thus the overall heat transfer

coefficient simplifies to:

L L i RA (5-6)
U~h1 wall ho

In the case of the lab scale spray-on mesh heat exchangers, the inner fluid is domestic cold water
and the outer fluid is heated air. Thus the equation subscripts become:
1 1 1
Ez_-l'RwallA'l'h_ (5_7)
w a
Measurements were taken of the water flow rate, inlet, and outlet temperatures. Air temperatures
were also taken across the entire duct (12 measurements in 12 rectangular divisions of the duct

cross section). The surface area is an average of the tube inner and outer surface area. Calculate

the heat transfer rate with measured water inlet and outlet temperatures:

Q = mwcp,w(Tw,out - Tw,in) (5 - 8)

Find the overall heat transfer coefficient using the following equation:

Q = UAGATyy, (5-9)
Where:
ar, = AL AT (5 —10)
Im = 1n(AT, /AT,)
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Thus the overall heat transfer can be calculated as follows:

_ mwcp,w(Tw,out - Tw,in)
AAT ),

(5-11)

5.2.2 Internal flow heat transfer coefficient
Using well established internal flow characteristics, we can find 4, via Nusselt number

correlations) and subtract it from the overall heat transfer to ultimately find 4.:
1 1 -
hy = (U T RwallA) (5-12)
W
The bare tube samples were tested at four different water flow rates. For the two lower flow rates,

the flow is laminar and a Nusselt number can be found in tables such as the following, provided in

Cengel’s textbook:

Nusselt number and friction factor for fully developed laminar flow in tubes of

various cross sections (D, = 4A./p, Re = ¥V, D,/v, and Nu = hD,/k)
alb Nusselt Number Friction Factor
Tube Geometry or 6° T, = Const. g, = Const. f
Circle — 3.66 4.36 64.00/Re
Rectangle ab
1 2.98 3.61 56.92/Re
2 3.39 4.12 62.20/Re
; 3 3.96 4.79 68.36/Re
|/—1 b 4 4.44 5.33 72.92/Re
6 5.14 6.05 78.80/Re
f——a—r 8 5.60 6.49 82.32/Re
® 7.54 8.24 96.00/Re
ab
1 3.66 4.36 64.00/Re
2 3.74 4.56 67.28/Re
4 3.79 4.88 72.96/Re
8 3.72 5.09 76.60/Re
16 3.65 5.18 78.16/Re
0
10° 1.61 2.45 50.80/Re
30° 2.26 2.91 52.28/Re
60° 2.47 3.11 53.32/Re
90° 2.34 2.98 52.60/Re
120° 2.00 2.68 50.96/Re

Figure 23: Table of Nusselt numbers for various tube cross sections [45]

For the two higher flow rates, the flow is turbulent and the Nusselt number can be found with the

Gnielinski equation, valid for developing or fully developed turbulent flow in smooth tubes:

35



L (g) (Rep —OtOOO)ZPr . (gf 519
1o+ 127(5) (s -1)

To find friction factor, the Blasius correlation for fully developed turbulent flows is utilized:

03164

- (5—14)
Red?®

Using the equations outlined above, we have the following results for the bare tube heat exchanger

samples:

Table 5: Bare tube heat exchanger fluid properties and water side heat transfer coefficient

Sample Flow Flow Mean Reynold's Friction Nusselt  hw, Heat
Rate  Velocity Temperature Number Factor Number Transfer
Coefficient
- mL/min  m/s °C - - - W/(m?K)
Bare Tube 560  0.238 18.5 1510 0.045 3.74 350
Bare Tube 860  0.365 14.8 2113 0.032 3.74 346
Bare Tube 1120  0.476 13.7 2674 0.044 19.14 1766
Bare Tube 1400  0.595 14.7 3430 0.041 26.45 2447

Hydrodynamic entrance lengths are calculated for each flow rate to ascertain whether or not the

Blasius Correlation is valid:

1
Ly turbulent = 4-4DRe6 (5-15)

For both turbulent flow rates, the entrance length is approximately 13 cm, there is ample tube
length before the water reaches the heated region such that entrance lengths are not a source of
error while using the Blasius Correlation. See the annotated figure below, the tube length
highlighted in yellow represents the length of tube which allows for the water flow to develop.

The heated length of the heat exchanger is roughly where the wire mesh sheet covers the tube.
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Figure 24: Entrance length and overall dimensions of lab scale meshed heat exchanger

5.2.3 External flow heat transfer coefficient
With the values of h,, for each flow rate in the bare tube samples. We can use the overall heat

transfer coefficient to solve for h, as follows:

1 1 -1
hy, = (5 “h T RwallA) (5—-12)
D,
Ryan = kL (5-5)

Stainless-steel conductivity coefficient of 14.4 W/m?K at 20 degrees Celsius was used in the
calculation. The outer diameter of the tube is 0.375 inches (3/8”) and the inner diameter is 0.305
inches. The total heated length is about 66 inches or 1.7 meters. The average surface area (average
of outer and inner tube surface area) is approximately 70 inches (0.05 square meters). Below is a

table of the bare tube heat transfer properties:
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Table 6. Bare tube heat exchanger heat transfer resistances and heat transfer coefficients

Sample Flow hw Water Side Wall U (LMTD) ha, Heat

Rate (Gnielinski) Convective Resistance Transfer
Resistance Coefficient

- mL/min  W/(m?K) m? K/'W mK/W  W/m*K) W/(m?K)
Bare Tube 560 350 2.86E-03 6.17E-05 77.07 99.48
Bare Tube 860 346  2.89E-03 6.17E-05 81.68 107.63
Bare Tube 1120 1766  5.66E-04 6.17E-05 88.29 93.47
Bare Tube 1400 2447  4.09E-04 6.17E-05 63.21 65.14

As expected, the wall resistance is smallest resistance, followed by the water side convective
resistance. The air side convective resistance is averaged to approximately 1.1E-2 which is the
highest resistance of the three, and larger by one order of magnitude compared to the water side

convective resistance.

The heat transfer coefficients for the air side are around the same range, 90 to 110 W/(m? K) with
the exception of the highest flow rate case. The air side heat transfer coefficient should be similar
because unlike the water side which has different flow rates, the air flowing over each sample for

the four test conditions is largely unchanged due to the single speed fan in the experimental setup.

The discrepancy in the calculated heat transfer coefficient for the 1400 mL/min flow rate may be
caused by two sensor uncertainties, the fluid flow meter and the fluid temperature thermocouples.
The flow meter has a percentage uncertainty so higher flows results in higher measurement
uncertainties. The thermocouples have an absolute error when measuring temperatures: +1.1
degrees Celsius or 0.4%, whichever is greater. For the highest flow rate case, the inlet and outlet
temperatures were at the lowest of all the cases tested in this experiment. Thus the temperature and
flow rate uncertainties can contribute to errors in the overall heat transfer coefficient, U, when
calculated via the LMTD method, resulting in an unexpectedly lower convection coefficient for

the highest fluid flow rate test.

5.3 Application of discretized mesh and tube heat exchanger model

5.3.1 Solving for wire mesh fin heat transfer coefficient in discretized model
The temperature distribution equation 3-14 derived above from the energy balance approach is
used with the following known inputs:

o Air temperature (Ty)
e  Water mass flow rate
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e  Water specific heat

e Bare tube overall heat transfer

e Bare tube cross section perimeter

e Section length

e Fin perimeter (wire circumference)

e Find conductivity (stainless steel)

o Cross section area of fin (wire cross section area)

e Length of fin (longitudinal and transverse wire lengths)
e Distances of transverse fins along longitudinal fin

e Measured inlet temperature

Using the Microsoft Excel data analysis tool: Solver, the measured outlet temperature is the
target reached by adjusting the fin heat transfer coefficient value, the following results were
generated:

Table 7: Model predicted heat transfer coefficients for meshed heat exchangers assuming perfect fin to tube contact

Sample Flow hmodel
Rate

- mL/min ~ W/(m?>K)
500 in/min, Rectangular Pattern, Thin Coating 560 203
500 in/min, Rectangular Pattern, Thin Coating 860 114
500 in/min, Rectangular Pattern, Thin Coating 1120 102
500 in/min, Rectangular Pattern, Thin Coating 1400 137
1000 in/min, Rectangular Pattern, Thin Coating 560 2417
1000 in/min, Rectangular Pattern, Thin Coating 860 246
1000 in/min, Rectangular Pattern, Thin Coating 1120 280
1000 in/min, Rectangular Pattern, Thin Coating 1400 329
500 in/min, Rectangular Pattern, Thick Coating 560 24902
500 in/min, Rectangular Pattern, Thick Coating 860 11132
500 in/min, Rectangular Pattern, Thick Coating 1120 6224
500 in/min, Rectangular Pattern, Thick Coating 1400 7080
500 in/min, Linear Pattern, Medium Coating 560 11412
500 in/min, Linear Pattern, Medium Coating 860 2905
500 in/min, Linear Pattern, Medium Coating 1120 808
500 in/min, Linear Pattern, Medium Coating 1400 2375

The model predictions for apparent fin heat transfer coefficient shows a high degree of variation
for the thicker coating samples. But as with the aforementioned bare tube case, the air side heat
transfer coefficient should stay roughly identical for each sample because air speed and
temperature were largely the same. These fin heat transfer coefficients are classified as “apparent”
because the true heat transfer performance of the fins should not vary much between the samples

as all of them use the same fins; the same wire mesh dimensions, same number of mesh layers (2),
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same pore sizes (4 PPI), and finally the same wire diameters (0.81 mm). Thus, what remains
different between the samples is the thermal sprayed coating. The difference in heat transfer
coefficient is caused by the difference in conductive resistance in the thermal sprayed coating

which affects the heat transfer between the mesh and tube.

5.3.2 Prediction of outlet water temperature with average air side heat transfer

coefficient in discretized model
The model is more accurate when used in predicting the outlet temperature instead of solving for

heat transfer coefficient. The model temperature outputs are not as varied as the previous heat
transfer coefficient outputs. The following is a chart of the outlet temperature prediction by taking

the average (with the outlier value removed) of the heat transfer coefficients.

The outlier for each sample’s heat transfer coefficient is removed in accordance to the Chauvenet’s
criterion as it was determined that the chance for a data point to be as deviant as the outlier were
less than half of one measurement from four measurements [46]. By removing the outlier, the
standard deviation for each sample decreased to at least 1/3 of the value before removing the
outlier. It is assumed that the data collected were normally distributed but due to the low number
of data points, the uncertainty of the mean and standard deviation from their true values remains
high. Collecting more data points would result in less uncertainty and more confidence in applying

Chauvenet’s criterion to reject outlier data.
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Table 8: Apparent average heat transfer coefficients for meshed heat exchangers and predicted outlet temperature accuracy

Sample Flow Toutet Average  Model % Error

Rate hmoda™ predicted (+ over, -

Toutlet under)

- mL/min  °C W/(m?K) °C -
500 in/min, Rect. Pattern, Thin Coating 560 29.9 29.2 -2.2%
500 in/min, Rect. Pattern, Thin Coating 860 24.6 118 24.6 0.2%
500 in/min, Rect. Pattern, Thin Coating 1120  20.8 21.0 0.8%
500 in/min, Rect. Pattern, Thin Coating 1400 17.2 17.0 -1.1%
1000 in/min, Rect. Pattern, Thin Coating 560 35.0 31.3 -10.5%
1000 in/min, Rect. Pattern, Thin Coating 860 252 735 254 0.8%
1000 in/min, Rect. Pattern, Thin Coating 1120 224 22.4 0.1%
1000 in/min, Rect. Pattern, Thin Coating 1400 19.0 18.8 -1.1%
500 in/min, Rect. Pattern, Thick Coating 560 514 41.3 -19.7%
500 in/min, Rect. Pattern, Thick Coating 860  39.7 2146 37.4 -5.9%
500 in/min, Rect. Pattern, Thick Coating 1120  33.5 35.2 5.1%
500 in/min, Rect. Pattern, Thick Coating 1400 279 28.9 3.4%
500 in/min, Lin. Pattern, Med. Coating 560  38.5 314 -18.4%
500 in/min, Lin. Pattern, Med. Coating 860 27.6 2029 26.7 -3.4%
500 in/min, Lin. Pattern, Med. Coating 1120 22.6 243 7.5%
500 in/min, Lin. Pattern, Med. Coating 1400 22.1 21.7 -1.8%

* Qutlier removed

It can be observed that the model predicts more accurately, the outlet temperatures of the higher
water flowrate cases. The lowest water flow rate (560 mL/min) for each case exhibits consistently
larger percent error in predicted outlet temperature compared to the other flow rate cases. One
source of error could be air bubbles in the water. At the lowest flowrate, by inspection through the
semi-transparent housing of the turbine flow meter, air bubbles were present. Two-phase flow
changes heat transfer characteristics. Two possible explanations for two-phase flow are low
pressure throttling effect (cavitation) from the throttling valve upstream of the sample and
localized vaporization during low flow rates at disturbances on the tube inner wall or hotspots.
Vapor bubbles from the boiling causes two phase flow. The discretized model was not developed
to account for two phase flow. In order to account for the localized vaporization, pinch point
analysis may be utilized to find the two-phase flow heat transfer coefficient. This was not

investigated in the present study.

5.4 One-dimension heat transfer Biot approximation
In order to make the fin approximation for the wire mesh, the Biot number is checked to verify

that the fin has a constant cross section temperature at any point. This approximation simplifies
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the steady state heat transfer equation into one dimension and can simplify non-uniform cross
sections. Although in the wire mesh case, the wires are assumed to be constant cross section. The
Biot number is a ratio of the internal conduction resistance and the external convection resistance
of the geometry. If the Biot number is much smaller than unity, this indicates that the internal
conduction resistance is less than the external convection resistance and therefore the fin
approximation is possible. The equation is as follows:

Bi=%<<1 (5—-16)
Where h is the convective heat transfer coefficient, & is half the thickness of the fin (radius of the
cylindrical wire), k is the thermal conductivity of the fin material (stainless steel). In the case of
the wire mesh, the Biot number is 0.2, slightly over the accepted value of 0.1 when the
simplification is justified. The accuracy of the fin approximation can be improved with a more
conductive material such as copper or aluminum, a thinner wire, or in operating cases where the

airflow decreases the heat transfer coefficient.

5.5 Infinite fin approximation and effective fin length
The resulting heat transfer coefficient will also be used to check if the infinite fin approximation

1s valid.

Qfinite fin _ Y thAc(Too - Tb) tanhmL
Qinfinite fin \/ thAC(TOO - Tb)

To do so, we inspect the value of mL, m? = :TP, where L is the fin length and m depends on the

= tanhmlL (5—-17)

fin cross section area, cross section perimeter, material thermal conductivity, and heat transfer
coefficient. When mL is greater than 2.5, tanhmlL is greater than 0.9 meaning the finite fin is
over 90% what an infinite length fin (with all the other fin properties the same) would perform in
terms of heat transfer. At about mL = 5,tanh mL = 1, so the finite fin heat transfer rate is same

as an infinite fin.

To extend this concept, we can calculate the optimal length for the fins such that the finite length
fin performs essentially identically to an infinite length fin of the same cross section geometry. For
the case of the lab scale heat exchangers, the convective heat transfer coefficient is greater than

8000 W/m? K. With the perimeter, cross section area, thermal conductivity known, the value of m
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is over 1600 m™!. If mL = 5 is when the finite fin heat transfer rate is the same as an infinite fin of
the same cross section and geometry, then we can find L.
% =1L (5-18)
L =~ 0.003 m (5-19)
Thus, the effective fin length is 3 mm. The first set of transverse fins is located at 3.175 mm (0.125
inch) along the longitudinal fin. Therefore, according to the heat transfer model, they are not as
effective because there are no longer any large temperature gradients at that point on the
longitudinal fin. The transverse fin tips for each unit cell are also assumed to be insulated and reach
the air temperature. From the above effective length calculation, the assumption is reasonable since
the wire mesh wire fins reach the air temperature around 3 mm whereas the transverse fins are
over 3 mm long. Plots of the fin model temperature distributions are generally in agreement with
the above calculation as fin temperatures have reached the air temperature around 3 mm away

from the base. The plots of fin temperatures are shown below.
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Figure 25: Temperature distribution along longitudinal fin, thinly coated (<1 mm) sample
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Figure 26: Temperature distribution along longitudinal fin, medium thickness (>1 mm) coating

5.6 Coating thickness

In total, four samples were fabricated in order to compare the different coating impacts on heat
transfer performance. The samples with coating thicknesses slightly larger than the wire diameter
(0.81 mm) are referred to as thin samples. The medium sample coating thickness is around 1 mm
in thickness. The thick sample has a coating thickness of over 1.2 mm. The following table lists

the coatings thicknesses which were deposited:

Table 9: All samples produced and corresponding coating thicknesses

Sample Coating
Thickness

[mm]

Bare Tube -

500 in/min, Linear Trajectory Pattern 1.04

1000 in/min, Rectangular Trajectory Pattern 0.87

500 in/min, Rectangular Trajectory Pattern 0.91

500 in/min, Rectangular Trajectory Pattern 1.23

5.6.1 Coating cross section
Wire-arc sprayed test pieces were cut with a diamond bladed linear precision saw (IsoMet 4000,

BUEHLER LTD, IL, USA). Resin mounted samples were made and polished with an automated
sample grinder (EcoMet 300, BUEHLER LTD, IL, USA). Settings and materials used for

polishing are listed in the two tables below.
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Table 10: Polishing settings for sample preparation (machine specific)

Polishing Sandpaper Grit
Settings Succession

100 rpm base 240

60 rpm head 320
Counterrotation 400

With water 600

6 Ib. force 1200

The following images of wire and tube cross sections were taken with a tabletop SEM (TM3000,
Hitachi High-Tech Corp. Fukuoka, Japan). The cross-section area where the wire is in contact with

the tube is the main area of interest.

AL x50 2mm AL x50 2mm

Figure 27: Various tube, coating and mesh wire cross sections: high speed rectangular trajectory thin coating with extended
gaps (Top Left), high speed rectangular trajectory thin coating with void between tube and wire (Top Right), low speed linear
trajectory medium coating with void (Bottom Left), and low speed rectangular trajectory thick coating with void (Bottom Right)
As can be seen in the images above, it is common to have a slight void between the wire and tube
surface for all coating thicknesses. Any voids are not ideal for heat transfer performance as they
increase contact resistance between the wire and the tube. The cause of this space was initially
thought to be insufficiencies from the clamping method which left gaps between the mesh and

tube. But after several cross-section cuts from various locations on the test samples, and various
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attempts at ensuring the clamping method set the mesh flush with the tube before coating, the void
still persists. For the worst cases, as in the top left SEM image above, not only are voids present
between the wire and the tube, the coating has gaps which could be prone to wire and coating

delamination.

A thicker coating may reduce the contact resistance detriment to heat transfer because the coating
thickness offers alternative paths of heat conduction. This is reflected in the performance of the
coated tube and mesh heat exchangers. Thicker coatings resulted in higher temperature differences

compared to thinner coated samples.
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5.7 Thermal sprayed coating conductive resistance
In order to compare the coating performance of the four coated samples, the average apparent heat

transfer coefficient calculated from the thickest coated heat exchanger sample is used as the fin
heat transfer coefficient for all samples with the assumption of perfect contact between the mesh
fins and bare tube. Thus, all other samples with thinner coating and different coating application
settings must exhibit a temperature difference between the base of the fin and the surface of the
tube. This temperature difference is caused by the conductive resistance in the thermal sprayed
coating bonding mesh wire to bare tube. To quantify the value of the coating conductive resistance,
the resistance network analogy can be utilized. Below is a diagram illustrating the coating as part

of the heat transfer pathway:

Coating

Teo

Mesh

Tiintip  Tfin base Ttube outer Ttube inner

Ra,convective Rfin Rcoating Rtube  Rw,convective
L J [ | J ]
L) L

Fin Model Bare Tube Model

Figure 28: Thermal resistance network for meshed tubular heat exchanger

Thermal resistance can be defined by the following equation:
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0=— (5-2)
For the coating resistance, we have:

_ Ttin base — Ttube outer
Rcoating - Q
fin

Tfin base — Ttube outer — Tdifference (5 - 21)

(5 — 20)

From the previously developed discretized model, a constant temperature difference term is added
to the fin equations since the fin base temperature is no longer equivalent to the water temperature
within the tube as perfect contact is no longer the assumption. The convective resistance of the air
side and conductive resistance within the fin wire elements are accounted for in the fin equations.
The bare tube model considers the conductive resistance of the tube wall and convective resistance
of the water flowing inside the tube. Thus the temperature difference between the fin base and tube

surface should represent the coating conductive resistance.

Thus, assuming a constant temperature difference between the fin base temperature and the tube
surface temperature, a solver is used to find the temperature difference with known heat transfer
coefficient, inlet / outlet temperatures, and fin parameters. The heat transfer rate in equation 5-20
is calculated by summing the fin heat transfer rates across the whole sample (all of the 192

discretized segments).

The table below shows the temperature differences for each sample and the calculated average
wall resistance across the whole heat exchanger. Note that since the thick coating was considered
to be in perfect contact with the tube, the temperature difference between the mesh wire fins and

tube is zero by definition. Thus all results are relative comparisons to the thick coating sample.
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Table 11: Temperature difference and coating conductive resistance between base of mesh fins and heat exchanger tube relative
to thick coating sample (modeled as perfect contact)

Sample Average Average Average

T difference Rcoating Rf,coating
- °C W/°C m? W/°C
500 1p/m1n, Rectangular Pattern, Thin 166 0.38 4 68E-03
Coating
1000' in/min, Rectangular Pattern, Thin 154 0.24 7 91E-03
Coating
500 1p/m1n, Linear Pattern, Medium 9 0.08 1.03E-03
Coating
500 in/min, Rectangular Pattern, Thick
Coating

The results indicate that coating thickness has the greatest effect on coating conductive resistance
as the thinner coated samples show an increased average temperature difference and coating
conductive resistance compared to the medium coating thickness. In terms of temperature
difference between the fin base and tube, the torch movement speed during coating seems to have
little effect as the values do not differ much between the 1000 in/min and 500 in/min torch velocity,
thinly coated samples. But factoring in the fin heat transfer rate, the 1000 in/min coating performs
better with lower average coating conductive resistance. The medium coating dramatically
decreases temperature difference and coating conductive resistance compared to the thin coating
samples. A linear spray torch trajectory may have also create a better coating as the spray plume
was always centered over the coated area whereas rectangular trajectory wire arc spray could have
deposited several passes over the coated area where the torch was not centered and the particles
with lower velocity and temperature at the edges of plume are deposited, resulting in inferior
coating quality compared to the linear (centered) coating process. The thermal resistance value can
be converted to a fouling factor value by multiplying the resistance value by the coating area. In
this manner, a comparison can be made to equivalent fouling conditions in industry when

evaluating the spray-on-coating conductive resistance.

A comparison of all resistances in the lab scale thermal sprayed heat exchangers reveals that the
largest sources of thermal resistance comes from the coating and bare tube surfaces. The stainless-
steel wire mesh, tube wall conductive resistances and inner tube water convective thermal
resistances were all low. The high tube wall thermal resistance is the reason for utilizing the wire

mesh fins to extend the tube outer surface. The coating thermal resistance is several orders of
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magnitude higher than all thermal resistances other than bare tube convective thermal resistance
and is a bottleneck to the fin heat transfer, somewhat mitigating the heat transfer enhancement that

the fins provide.

Coating thermal resistance can be broken down into two contact resistances, the mating surfaces
between the mesh wire and the coating as well as the mating surfaces between the coating and the
tube surface. Furthermore, the coating layer has a conductive resistance. Further studies are
required to better determine the magnitudes of the surface interface thermal resistances and the

internal conductive thermal resistance of the coating.

Table 12: Comparison of thermal resistance values in the heat exchanger thermal resistance network

Thermal Resistance Value or Range
[°C/W]

Bare Tube (Convective) 0.2

Fin (Convective) 0.002

Coating (Conductive) 0.08 - 0.38

Tube Wall (Conductive) 0.001

Inner Tube (Convective) 0.009 - 0.07

5.7.1 Effects of high temperature gradient areas due to high thermal resistances
By design, the materials in the tube, mesh and coating are all stainless steel in order to avoid

uneven thermal expansion due to material property differences, leading to coating failure. Despite
similar material properties, uneven heating and high temperature differentials across the sample
can still cause uneven thermal expansions leading to coating failure. As previously discussed,
thinner coatings have a greater thermal resistance than thicker coatings. The temperature different

between the mesh fin tip and base is higher than thicker coatings.

It is suspected that the thinner coating structural strength is lower than the medium or thick coating
and due to uneven heating, the hotspot area mesh and coating experiences more thermal expansion
compared to the surrounding material. These factors are compounded by the thermal resistance in
the coating causing even greater localized temperature differences. Increased thermal expansion
force caused the coating and mesh to buckle upwards, away from the tube surface. Uneven heating
is caused by the fan creating flame vortices at the center of the duct resulting in hotter air at the
center than the edges. This is evident in the following image where a circular shape (annotated

with a blue circle) is noticeable at the center of the meshed sample.
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Figure 29: Unevenly heated center of wire mesh heat exchanger
After several rounds of testing, each sample was subjected to at least 10 minutes of continuous
heating by air approaching an average temperature of 300°C. Hot spots were measured to be
upwards of 600°C. Tests were completed with both water flowing through the heat exchanger tubes
and while they were dry. The only sample which failed by delamination of coating from tube was

the high-speed (1000 in/min torch tip speed) thin coating. The picture below shows the area where

the coating failed.

Figure 30: Coating delamination from tube surface, showing gap between mesh and tube

Avoiding uneven heating during operation and using thicker coatings would increase the heat
exchanger durability. Running the heating system while the heat exchanger has no water flowing

within also puts the materials at greater stresses due to the higher temperatures reached. Thus, any
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field application should require the flare or flue stack startup to be linked directly with fluid pumps
feeding the heat exchanger, to ensure that whenever hot air passes through the stack, water is

flowing inside the heat exchanger.

5.8 Heat transfer rate for finned vs. bare tube heat exchangers
The surface area of the wire mesh fins is coincidentally the same surface area as the tube within

heated section of the duct at around 0.05 square meters. The convective heat transfer coefficient
of the wire mesh extended surface is much higher than the bare tube (8000 vs. 100 W/m?K) which
in indicative that at the same temperature difference, the fins enhance the rate of heat transfer
greatly compared to a bare tube. But despite the greatly increased heat transfer coefficient, the
actual resulting water temperature difference inside of the meshed and bare tube samples do not
reflect the large difference between the two heat transfer coefficients on the outer surfaces of the
tube. This is in part due to the thermal resistances in other parts of the heat transfer network. There

are locations in the heat transfer network which bottleneck the heat transfer.

As can be seen in the following table of average heat transfer for each sample calculated from the
water flow rate and water temperature difference between the inlet and outlet, the wire mesh

nonetheless does improve the heat transfer rate for each of the coated samples.

Table 13: Average heat transfer rate comparison table

Sample Avg. Heat %
Transfer Rate  Improvement
[W] Over Bare Tube
Bare tube 569 -
500 in/min, Rectangular Pattern, Thin Coating 789 39%
1000 in/min, Rectangular Pattern, Thin Coating 935 64%
500 in/min, Linear Pattern, Medium Coating 1115 96%
500 in/min, Rectangular Pattern, Thick Coating 1807 217%

The large difference in heat transfer rate between the coated sample are indicative of differences
in heat transfer rates between the samples which are due to differences in the thermal sprayed
coatings and subsequent differences in airflow caused by the coatings. All other parameters of the
samples were kept the same such as: meshed area, layers of mesh, mesh wire geometry, wire mesh
connections, tube length, tube diameter, water / air flowrates, and water inlet / air temperatures.

The thicker coated sample decreased wire mesh porosity which reduced the airflow speed (less
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than 5 m/s), accumulating hot air upstream of the sample, causing the sample to heat water to much
higher temperatures compared to the other samples. Air speed for the other three coated samples
were relatively similar (approximately 6 m/s). The unmeshed bare tube sample had least

obstruction to airflow, evident in the highest measured airflow velocity of 8 m/s.

Thus, not only does the thicker coating accumulate heated air upstream of the sample, it also has
lower thermal resistances compared to the thinner coatings. Therefore the performance of the thick

coated mesh and tube heat exchanger is significantly better than thin or unmeshed samples.
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6 Conclusions and future work

6.1 Conclusion
Mesh and tube heat exchangers were fabricated and thermal spray coating was applied to bond the

mesh to tube. From previous studies, it was observed that mesh to tube contact area was limited.
Potential to increase heat transfer rate and structural integrity between the mesh and tube remained
by using thicker thermal sprayed coating. To increase mesh to tube contact area and provide a
larger area for thermal sprayed coating application, the tube surfaces which are connected to the
wire mesh are flattened with a custom designed press. Coating thickness was increased enough to

fully embed the wire mesh onto the tube under the thermally sprayed coating.

Samples were placed inside a custom designed duct, fan and propane torch air heating system. The
resulting temperature difference between the water inlet and outlet was 1.5 to 4 times greater than
achieved in a previous study. Temperature difference trends at different water flow rates were in
line with the previous study. Heat transfer rates, calculated from water inlet and outlet temperature
differences, were enhanced by at least 39% and up to 217% compared to bare tube samples after
the addition of thermal sprayed mesh. Air side heat transfer coefficient was predicted to have
increased by 40 to 80 times from bare tube to mesh and coated tubes. Unfortunately, the magnitude
of heat transfer enhancements on the air side is not translated to the same magnitude of heat transfer
into the water inside the tube. This was due to thermal resistances in the coating which bonds the

mesh to the tube.

Using the inlet temperature and heated air properties as inputs, a discretized model was developed
to predict outlet temperatures. The air side convective heat transfer coefficient is adjusted such
that the model predicts an outlet water temperature comparable to experimental data to within 20%
error, and less than 8% error if the lowest flowrate data is omitted for each sample due to the
possible presence of two phase flow. An apparent convective heat transfer coefficient was

calculated, ranging from several hundred to several thousand W/m? K.

The large range in the apparent heat transfer coefficient can be explained by coating differences
between the samples. By assuming that the best performing, thickest coated sample had minimal
thermal resistance, its heat transfer coefficient was applied to all samples tested and deemed as the
air side convective heat transfer coefficient. The aforementioned model is further developed with

the addition of a temperature difference to predict the coating thermal resistance. It was found that
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the largest contribution to thermal resistance was coating thickness. Spray trajectory and torch tip
velocities may have caused a difference in coating quality, but their effect was not large enough to
cause a noticeable difference in heat transfer performance, when compared to coating thickness.
A thicker coating can decrease conductive thermal resistances by 1 to 2 orders of magnitude. The
convective resistance of bare tube is also reduced by 2 orders of magnitude with the addition of
wire mesh fins. Tube wall conductive resistance is insignificant compared to the other sources of

thermal resistance in the heat transfer network.

Fin temperature distributions also indicate that fin temperature gradients are only present in the
first 3 to 4 mm of the wire mesh fin. As such, the majority of the fin lengths and cross fins do not

contribute to the heat transfer performance of the lab-scale samples.

6.2 Future work

6.2.1 Improvements on sources of measurement uncertainty / error
Each lab-scale heat exchanger was tested at four water flow rates. Each test was run only once, for

a total of 20 tests. To determine the air-side heat transfer coefficient, only four data points were
usable for each sample. This low sample size, in addition to each sample being at a different water-
side flow rate, has high uncertainty. Chauvenet’s criterion was used, but the mean and standard
deviations from the four data points is highly uncertain. More data points would result in higher
statistical significance and enable confirmation of the normal distribution assumed when using the

aforementioned criterion.

A potential source for uncertainties is in the water temperature measurement. Thermocouples used
had a tolerance range of 2.2°C. This meant that measuring small temperature differences between
inlet and outlet had a high degree of uncertainty. Improved thermocouples with smaller
uncertainties could be utilized, but because the thermocouples are unique with probe tips and
threads designed for NPT threaded ports and submersion, this may prove challenging. Calibration

of existing thermocouples may be a more feasible option.

Airflow inside the duct also tended to be concentrated in a toroidal shape due to the vortex
generated from the axial fan blade rotation and airflow dead-zone at the center due to the blade
center hub obstructing airflow. This was apparent in temperature measurements as the central area
was much hotter than the corners or sides of the duct. Similar airflow pattern was also measured

using the pitot tube when determining the airflow velocity. Lastly, scorch marks on the wire mesh
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for each sample show a clear toroidal cross section imparted onto the sample after testing. The
average air temperature in the duct was determined with 12 equally spaced measurement points.
To improve the uniformity of the duct cross section temperatures, flow straightener(s) and metal
foam layer(s) could be used upstream in the duct to ensure the airflow is mixed and straightened
before reaching the sample. Consideration for pressure drop is required to ensure sufficient flow
velocity for a forced convection heat transfer system. Canarm supplies fans with in-kind

dimensions and higher horsepower motors to provide more airflow.

6.2.2 Improvements on testing capability
Testing was done with a fixed speed fan and lowest propane pressure settings for the air heating

torch. Future tests could feature multiple airflow set points and increased air temperatures. Altering
the airflow can give further insight into the air side heat transfer coefficient of the mesh wire fins.
Temperatures were kept low in order to protect the samples in order that they were not destroyed
before any data was collected. During tests, air temperatures were below 300°C, but preliminary
tests show that the setup is capable of up to 700°C air at the duct outlet. Propane torch pressures

can be increased in order to achieve higher air temperatures.

Lastly, the capabilities of the fan, duct and, torch setup are such that it may be possible to direct
the duct outlet onto the crossflow surface area of the large-industrial scale prototype which had
previously been too large to test with existing systems. Details of the previous attempted at testing
the industrial scale prototype are provided in Appendix A. Given high speed airflow and high
temperatures made possible by using a propane torch system, the industrial scale heat exchanger
may finally be subjected to enough high temperature airflow such that it produces a significant

temperature difference in the fluid contained within the tubes.

6.2.3 Improvements on mathematical modelling
Furthermore, the completed model could be used to compute results from former experiments in

Rezaey’s work [28]. The tests done previously featured different mesh geometries and pore
densities. The temperature data from those tests would serve to validate the model further and
expand the model’s applicability in predicting outlet temperatures or heat transfer coefficients of
different mesh geometries and layouts. A determination of thermal sprayed coating thermal
resistance is also useful to compare the thinly coating samples from Rezaey’s work to the thicker

coatings fabricated in the present study.
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6.2.4 Future investigation into coating thermal resistances
Given that coating difference account for a large part of the thermal resistance in the heat

exchanger samples, greater detail should be placed upon investigation of coating internal
conductive resistances and contact resistances. The lumped coatings resistance values presented
in section 5.6 do not separate the multiple thermal resistances within the mesh wire to coating to
tubing interfaces. There are at least three thermal resistances in that subsystem which require
further investigation. Contact resistances between the wire mesh and coating, due to imperfections
in the bond surfaces between wire and coating. Conductive resistances within the coating volume
which may be affected by coating porosities. Contact resistance between the coating and the tube

as illustrated by the voids in the cross-section SEM images provided in section 5.6.1.

6.2.5 Future design considerations for mesh fins
Since the mesh fin temperature distribution shows that only the initial 3 to 4 mm from the base of

the fin have a significant temperature gradient, future designs may consider utilizing less mesh
area. This offers the possibility to arrange the tube in denser packed geometries as less space is
required for the extended surfaces. This gives way to higher performance designs with longer tube
length fitting within a smaller heated area, decreases weight, more compact designs, and greater

fin efficiency.
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Appendix A

A.1 Industrial-scale prototype heat exchanger design for industrial

waste heat recovery
Initial experiments at the beginning of the research project attempted to quantify the performance

of a prototype waste heat recovery heat exchanger developed by Rezaey and Chandra with gas-to-
liquid heat exchange. Previous tests were air-to-air heat transfer which did not reflect the proposed
flue or flare gas operational environment. Tests were only possible at low air crossflow speeds and
a forced convection flow regime was not achieved. The following sections detail the tests
attempted and difficulties encountered. Ultimately a decision to shift research direction onto the

lab-scale heat exchanger prototypes concluded the work with the industrial-scale prototype.

1. Prototype heat exchanger description
The industrial-scale prototype is a dual loop, five pass, air-to-liquid design. The final design

dimensions and specifications are listed in Figure 31 below. The heat exchanger was designed to
operate inside of a gas exhaust stack, near the top of the stack for ease of installation and/or
maintenance, as shown in the render (Figure 32). Half of the tube rows have metal wire mesh
sheets attached to the tube surface with wire-arc spray coating as shown in Figure 33. The other
half are left as bare tubes. The tube, wire mesh and wire-arc coating are all made of stainless steel.
Header piping (see brown piping in Figure 34) distributes liquid into the tube rows ensuring the
liquid going into the tubes with mesh attached does not mix with liquid entering the unmeshed
tubes. The meshed and bare tube loops rows are layered in alternating order such that the
performance of the meshed and unmeshed loops could be compared depending on airflow direction
or alternatively, by flipping the heat exchanger over (180 degrees). A diagram illustrating the four-
layer stacked configuration is shown below in Figure 34, including details on the flipped

configuration.
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Height of each section 2 inch
Tube OD 1inch
Tube ID 0.87 inch
Tube spacing 3.5inch
Number of tubes 5
Mesh size 17 inch by 17 inch
Pore density 10 PPI

Figure 32: Original prototype mounting design - seated within stack, isometric view (Top) and top-down view (Bottom)
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Figure 33: Wire mesh mounting prior to wire-arc coating and bonding

No Mesh
Mesh

No Mesh
Mesh

Figure 34: Staggered Meshed and Unmeshed Sandwich Design for Comparative Testing

ii.  Prototype heat exchanger test cart design
Since the prototype heat exchanger, with header piping, weighed over 100 1bs., a wheeled cart was
deemed necessary to maneuver and position the prototype in the laboratory space or test
environment, especially in the event that an offsite test was to happen. In addition, the
aforementioned comparative (meshed vs. bare tube) capability of the heat exchanger means the
heat exchanger must accept air flows in both directions of the air side cross section. This required
the jig to allow the whole heat exchanger and header piping assembly to flip 180 degrees to test

meshed and unmeshed tube rows.

A custom jig was created with off the shelf structural perforated steel tubing and angle iron with

custom brackets to cradle the prototype from its existing structure and mounting points. This jig
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was designed to integrate into an automotive engine stand via the standard bolt connection
interface. Later tests required height adjustment in order to fit the prototype inside the opening of
a dust collector hood. The final iteration of this wheeled cart is a combination of an engine stand
(OmegaLift Equipment Engine Stand, SFA Companies, Inc. MO, USA) and scissor lift cart
(Westward Hydraulic Scissor Lift Table, Westward Tools, AB, Canada) providing planar

movement in addition to vertical positioning allowing greater flexibility in test environments.

Flow control and air ducting were designed and installed onto the cart for portability.
Instrumentation to measure inlet and outlet temperatures as well as flow rates were integrated into
the system. Design iterations are chronologically listed in Table 14. The final form of the test rig

is shown in the photograph below (Figure 35). The hydraulic calculations for sizing the pump and

designating the flow speeds are included in the next section.

Table 14: Chronological iterations of prototype heat exchanger test cart

Task

Description

Result

Design adjustable
mount for prototype
heat exchanger

Unwieldy heat exchanger prototype
is too heavy to position with ease.
A wheeled stand and mounting
bracket are required to make
performance testing possible.

Repurposed automotive
engine stand and custom
designed bracket from off the
shelf structural members to
position prototype heat
exchanger.

Design and build
instrumentation /
piping / ducting
required to test
performance

Modifications to the inlet and outlet
piping along with pump and flow
meter were sized and acquired for
data collection. Air side ducting,
blower fan, and damper were
constructed from off the shelf
components.

Added flow meter, variable
speed pump, and isolation /
throttling valves for liquid
side. Custom ductwork,
airflow damper and inline
blower fan installed for the air
side.

Modify mounting cart
for further tests

Existing engine stand mount
provided portability but lacked
height adjustment, added scissor lift
cart to enable vertical height
adjustment.

Version 2 cart system not
only ensures heat exchanger
prototype is portable, but also
adjusts height as required.
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Figure 35: Final portable test cart for prototype heat exchanger

ii1.  Hydraulic system sizing and calculation
The design of the fluid system follows the guidelines from McDonald and Magande’s book,

Introduction to Thermo-Fluids Systems Design, in order to get an estimated head requirement in
order to specify a pump suitable for the desired performance in the overall heat exchanger test
system [47]. All subsequently mentioned numerical limits, reference tables and figures in this

section are from the thermo-fluids design textbook unless otherwise stated.
Design notes:

e Heat exchanger tube ID is fixed at 0.87 inch

e Hard pipe sections connecting to heat exchanger flanges are fixed at 1.25-inch nominal diameter
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o These sections are necessary because they fit onto the flanges of the prototype and they
include ports for submersion probe thermocouples
Hose, pump, and flowmeters are available in the Y5, %, 1, 1 Y4 inch diameters
o Lower diameter hose has reduced bend radius, i.e. more flexible
Lower diameter flow meters are more sensitive to lower flow rates (2-10 GPM range)
Assume flow splits equally from header pipe to each of the two loops, and as such, flow rate is

halved as illustrated in the following diagram:

Flow
Header Pipe

Heat Exchanger Tube

Vv oL
— 0.87in @

-
Heat Exchanger Tube

-
— 0.87in@

-

[1.25 in @

For Calculations, assume flow is split equally in two
Figure 36: Header pipe fluid distribution

As per Table A.12 (adapted from 2005 Fundamentals, ASHRAE [48]), centrifugal pump suction
line flow velocity must be <4.9 ft/s [47]

o Use 4.9 ft/s as the maximum operating point
Rubber hose roughness is similar or less than commercial steel pipe so Figure A.4 will be used for
calculations [47].
A strainer will be installed on the supply side before the pump to protect the pump from any
particles which may be in the water as per guidelines [47]
Isolation valves are used to isolate major hydraulic appurtenances such as the pump, flow meter,
as well as the heat exchanger [47]
A water tank has been included in the design for portability, in the event that domestically supplied
water is not available in the test environment

o Water supply lines (domestic or tank) are assumed to have 0 head meaning the pump will

be required to supply all the work required to move the water through the system in order

to size the pump conservatively and not rely on supply side water pressure
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o Ensure that flow rate is acceptable upon reaching the heat exchanger by staying below the 10 ft/s
erosion limit for carbon steel piping (Table A.13) [47]

o A throttling globe valve is included for fine flow rate control as per guidance [47]

Below is a sketch of the fluid system and will be used to perform the head loss calculations:

water tank

ball valve strainer _ PUMP globe valve flow meter gxpansion

- T 1.25 in & hard piping, L =26 in
e 2 ] P

/~ 5fthose a6 valve Sfthose  gate valve |

f;j_'_jf ball valve
sharp edged entrance

90 degree elbow prototype heat exchanger

7 ball valve

1.25in @ hard piping, L = 26 in
5 ft hose

DRAIN

Figure 37: Fluid system - proposed design for pump sizing

The calculated minimum operating point is 7 GPM and 14.71 ft w.g. Calculations are shown in

section A.2. An adjustable circulator pump capable of exceeding this operating point was

selected. The Bell & Gossett ecocirc pump is able to supply a maximum head of 19 ft w.g. or

maximum flow rate of 16 GPM. The pump has a controller so the motor can be adjusted for

different operating points. The data sheet and pump curves for the pump are attached in section

AA4.

iv.  Air flow control and measurement system design
Tests were performed using domestic water supplies and air. An assortment of rigid and flexible

ducts and fittings were used as well as custom fabricated duct adapters to accommodate the 4-inch
diameter opening of a Tankless Water Heater (TWH) exhaust with the 17 by 17-inch cross section
of the prototype heat exchanger. Fluid control systems for both air and water were designed and
sourced from off the shelf components. An adjustable circulator pump which exceeded the
operating point requirements to avoid to the point design was selected (Bell & Gossett ecocirc®
19-16, Xylem Inc. NY, USA) and inline blower fan capable of up to 230 cfm airflow (Rule
Industries Model 240 4” Blower, Xylem Inc. NY, USA) were utilized for fluid flow control.
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Dampers and throttling valves were sourced to provide finer adjustment for the air side and water

side.

A turbine flow meter (FTB792, Omega Engineering, Inc. QC, Canada) and Pitot tube measurement
kit (475-1-FM-AV Air Velocity Kit, Dwyer Instruments Inc. IN, USA) were used to measure the
flow rates of water and air, respectively. K-Type probe tip thermocouples with industrial protection
heads (NB1-CASS-14U-6, Omega Engineering, Inc. QC, Canada) measured water temperature at
ports near the inlet and outlet of the heat exchanger. Several J-Type thermocouples (GG-J-24,
Omega Engineering, Inc. QC, Canada) placed inside the ductwork were used to measure air
temperatures. A Keysight data acquisition (DAQ) / data logger switch unit (34970A, Keysight
Technologies, Inc. CA, USA) is used to record the various thermocouple outputs during the
experiments. The schematic below, Figure 38, shows the air and water side of the setup including

the appurtenances and instrumentations.

—

Water Tank / Domestic Supply ﬁ
Regulating globe valve
Gate valve Gate valve Gate valve Reduction  Flexible Hose
Flexible Hose ) w |: :I l,] + ’I I: :l [: o,
R "@ Flexible Hose Turbine Expansion Gate valve Y )
Isolation valve Strainer Flow Meter f 7_\ Drain
' Expansion
Air I @ Blower

Water
Prototype H-EX

\O\ Damper
U Adapter
ém)t gas source

Figure 38: Schematic of testing setup for hot flue gas - cold water test

Before any tests were conducted, the system was assembled and pressurized with water. The
system is designed to be run as an open system other than a throttling valve to control the flow
rate, but as a measure of safety, the outlet valve was shut and the complete system was tested for

leaks. Over a duration of 30 minutes, a few drips were observed at threaded pipe interfaces, but
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overall the system was not leaking in any major way. All NPT threaded joints were installed with

Teflon tape and inspected before testing.

A.2 Hydraulic design calculations for industrial-scale prototype
Using Figure A.4, the choices of diameters for the hydraulic systems, and the max flow velocity

of 4.9 ft/s, we have the following operating points [47]:

Table 15: Operational flow rates and friction losses for various diameter hydraulic systems

Operating parameter Flow rate Friction loss
(GPM) (ft w.g./ 100
ft)
5 inch diameter, 4.9 ft/s 3.1 34
% inch diameter, 4.9 ft/s 7 22
1-inch diameter, 4.9 ft/s 13 15
1% inch diameter, 4.9 ft/s 19 13

It was necessary to ensure the flow rate is acceptable upon reaching the tubes inside the prototype

heat exchanger. For stainless steel pipes, this should be less than 15 ft/s from Table A.13 [47].

Since flow rate is halved at the heat exchanger after going from header to individual tube loops,

use the half of the highest flow rate case in the table above.

V = ViveAc
14
Vave = A_c
9.5 GPM (half of the 19 GPM maximum, as shown in the table above)

0.02117 ft3
9.5GPM = ——
0.2117 ft3/s
ave = > = 5.13ft/s
0.87 in - L1t
S VAT
n )

Therefore, all 4 cases above are acceptable if the highest flow rate case is acceptable.

Calculate friction losses (in ft w.g.) to find pump head requirement. Calculations will be shown

for % inch case:

Major Losses for % inch, Q =7 GPM (assuming fastest possible flow in pump suction piping)
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Total length of pipe (excluding heat exchanger tubes), flow rates and corresponding friction losses

from Figure A.4 [47]:

1
2 X 26 inch hard pipe segments, 1 7 inch diameter @ 7 GPM flow rate —

3
3 x 5 foot hose segments, 1 inch diameter @ 7 GPM flow rate —

Major head loss equation is:

ft
Hy maj. = Ly (Head Loss in

o ft
+ L, (Head Loss in

Hl,maj. - 433 ft (

Minor Losses

100 ft

100 ft

Hl,maj. =

Using loss coefficients, K, on pipe fittings:

Hl,min. =

100 ft

1.75 ftw.g.
100 ft
22 ftw.g.
100 ft

for segment 1, at segment 1 flow rate)

for segment 2, at segment 2 flow rate) + e

1.75 ftw. g.) 15 ft (22 ftw. g.)
100 ft
3.38ftw.g.
VSZ
Y

The following table is a compilation of the loss coefficients in the fluid system, some figures are

from component data sheets while most are from Table A.14 [47, p. 349].

Table 16: Loss coefficients for various hydraulic components

Component Loss Coefficient, K

Sharp edged entrance 0.5
Gate valve, screwed 0.3
Strainer 7.0
Flow meter 5.1
Globe valve 14.0
Ball valve 0.05
Expansion 0.15
90-degree elbow 2.0

Using the loss coefficients, the minor head losses are calculated:
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2 2
(Valve,§ inch section) (Vave,ll inch section)
Hi min. = E K3 : 4 + E K 1 : 4
1, min. 7 inch section ) (32_2 ft) 17 inch section 32.2ft

s 2(57)

+ Hl,heat exchanger
ft 3 _
Vive = 49— at theZ inch section
S

By conservation of mass, we can find the average flow velocity at the 1%4 inch section:

[3 in 1ft ]2 [11 . 1 ft ]2
/ ft |2 12m 1. LR
V= Havedde = 4.9; . HT = Vave,lz inch section 4

aVE,ll inch section =18 ft/s

4

Substituting known values:

(A9

Himin. = [2(0.30) 4+ 0.5 + 0.05 + 7.0 + 5.1 + 14 + 0.15] - +[2(2.0) + 2(0.05)]

_[32.2ft\
2(*%
(1.8 ft 2
2(337&) + Hl,heat exchanger
S

Hl,min. =10.215 + 0.206 + Hl,heat exchanger

To calculate the head loss in the prototype heat exchanger, tracing the path of the water as it enters

one of the tubes in the heat exchanger:

lheat exchan VZ
ger tube ave
H) heat exchanger = lf + E K
! g Di Zg

The following diagram shows the heat exchanger tube geometry from a top down view and the

loss coefficients associated with flow through one tube:
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5 Tube passes
Total length = 110 in

221in
4 % 180 degree elbows — K =20

2 X Tee branch flows — K=2.4

Figure 39: Heat Exchanger Single Tube Path Schematic

To find friction factor, f, using a Moody chart, the following values must be computed:

. 7GPM ft3
V= = 3.5GPM = 0.0078 —
3
0.0078 ft?
Vive = T > = 1.89 ft/s
R I/ T
T

4
Take the density and viscosity of water at 145 degrees Fahrenheit (this temperature is chosen as
the estimated water temperature which would be travelling through the tubes during testing) and

calculate the Reynold’s number:

pVD;  611b/ft*(1.89 ft/s)(0.87 in- 1 ft/12in)
- 2.9 x 10~*1b/(ft-s)

ReDi =

Assume surface roughness of tubes is similar to commercial steel pipe as per Table A.1 [47, p.

339]:

£ 0.046 mm — 0.0021
Di g7 in- 224 MM

With the Reynold’s number and roughness ratio, we can find friction factor from a Moody Chart.

Reading from the chart, we get:

£ =0.029

Thus, we can calculate the head loss for the heat exchanger:
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ft) >
110in (1-89 g)
Hiheat exchanger = |0.029 * ===+ 4(2.0) + 2(2.4)] —— - =0913ftw.g.

2- 32'25_2

The total minor head loss is:

Hyin = H H H
L min. 1,% inch section + 1,1% inch section T ) heat exchanger

Hymin = (10.215 + 0.206 + 0.913) ftw.g. = 11.334 ft w. g.

Total head required for % inch pump inlet and outlet lines, 1%4 inch hard pipe sections before
and after heat exchanger, prototype exchanger, at 7 GPM flowrate in the % inch section is:

Hl,T = Hl,maj. + Hl,min.
Hyr =3.38ftw.g.+11.33 ftw.g.
Ht=1471ftw.g.

Operating point: 7 GPM and 14.71 ft w.g.

A.3  Application of industrial-scale prototype heat exchanger

1. Experimental Method
For testing the prototype, the aim was to have sufficient airflow to simulate the conditions at the

top of a flare stack and understand the heat recovery capabilities by measuring temperature
differences from the inlet and outlet liquid piping. A balance is required due to process air
limitations, if the air is rapidly accelerated to a very high speed, it may not have sufficient time to
absorb the amount of heat to reach the desired temperature, or rapidly moving air may lose the

heat gained at an earlier stage of the process by the time it reaches the heat exchanger coils.

For reference, flare tip exhaust velocities are dependent on flare diameters, which can vary from 1
inch to 90 inches. According to the EPA, “[t]he maximum flow through commercially available
flares is about 500 standard cubic meters per second (sm>/sec) (1,060,000 standard cubic feet per
minute (scfm)), and the minimum can approach zero flow [9].” Calculating for flow velocity, in
the largest diameter and largest flow rate, the exhaust velocity could reach over 100 meters per

second.
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For testing in air-to-water heat transfer configuration, the air temperature was required to be in
excess of 340 degrees Celsius upon reaching the heat exchanger and coil velocities should be above
5 meters per second. This temperature requirement is the minimum to begin exceeding previous
air-to-air tests [28]. Airflow velocity was problematic in prior testing because the velocity was too
low (=1 meter per second) due to heater output limitations. The airflow velocity was too low to
reach the desired forced convection heat transfer regime and closer to a free convection

environment.

Flue gas heating domestic cold water

For the flue gas test, the prototype heat exchanger and engine stand combo were fitted with a duct
adapter to reduce the 17 by 17-inch square opening of the exchanger to a 4-inch round duct. As
part of the ductwork, the 230 cfm 4-inch inline blower fan was installed to pull air onto the heat
exchanger coils along with a flow control damper. A 4-inch round duct is the size which fit over
the flue gas outlet of a natural gas burning, Rinnai tankless water heater (TWH) unit (Rinnai V75i,
Rinnai America Corporation, GA, USA). This TWH unit flue exhaust can reach temperatures of
300 degrees Fahrenheit and was the first available candidate to generate hot exhaust flue gasses
for testing the prototype heat exchanger as it was available for use from a previous research project.

Figure 40 is a photograph of the test setup and instrumentation.

During the tests, the TWH was run with the hottest setting and continuous flow of cool water. In
this operating condition, the TWH was constantly operating at the highest burner setting in order
to generate the hottest flue gasses. Two sets of three thermocouples were used, one set placed near
the flue gas outlet and another set near the heat exchanger tubes to measure the temperature drop
of the flue gas. The flow rate of water through the heat exchanger was initially kept as low as
possible to decrease the flow velocity and increase the heating time. The fan ran at full speed and
the damper was fully open to draw as much hot air as possible onto the heat exchanger tube

surfaces.
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Figure 40: Photograph of hot flue gas - cold water test setup

Flame impingement heating passes

In order to increase temperature on the heat exchanger tubes, another approach was attempted. A
flame spray torch (6P-II, Oerlikon Metco AG, ZH, Switzerland) attached to a robotic manipulator
(HP20, Motoman, Mississauga, ON, Canada) was used for direct flame impingement passes over
the heat exchanger tubes. To operate the system safely, the prototype heat exchanger was placed
in front of the thermal spray hood with the ventilation system running. This ensures any

combustion or incomplete combustion gases were safely exhausted from the lab.

The robotic manipulator arm was programmed to move at the highest possible speed, traversing
over the cross-section area to provide even heating. A schematic of the final traverse pattern is
shown below in Figure 41. The red dots represent the points which were “taught” to the robot
during programming. White arrows approximate the linear trajectory that the torch tip followed.

The linear traverse speed of the robot was set to the maximum allowable, 1500 mm per second.
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Figure 41: Torch tip trajectory across heat exchanger prototype

A similar but mirrored trajectory was also programmed for the other side in order to compare
meshed to unmeshed heat exchanger performance. For testing, the meshed side was tested first.
The water flow rate of 3 GPM was selected. This lower limit value was selected to stay above the
lowest measurable flow rate of 2 GPM of the Omega FTB792 flow meter as per manufacturer data
sheet, in order to maximize temperature difference between the inlet and outlet of the prototype

heat exchanger.

The flame composition used for this test is 20 NLPM Oxygen, 15 NLPM Acetylene, 20 psi
compressed air. The flame tip would be extremely hot as acetylene flames can be in excess of 3000
degree Celsius [49]. Because of the high temperatures, a greater standoff distance was initially
used to prevent the flame from melting and damaging the heat exchanger, in particular the thermal
sprayed coating used to bond the wire mesh to the tubes. As tests continued, the flame was
carefully moved closer to the wire mesh surfaces. In the series of test results that follow, the torch
tip was moved close enough that there was direct flame impingement. No damage to the metal

surfaces or coating was observed.
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Figure 42: Flame used for heating passes
Air cooling heated water from TWH
A reversal of heat transfer direction was explored in the final test setup. The outlet heated water of
the TWH was fed into the inlet piping of the heat exchanger. A large vane axial fan which roughly
covers the 17 by 17-inch square cross section of the heat exchanger was placed in front of the
prototype heat exchanger coils and ambient air was blown over the tubes to cool the water flowing
inside. The flue gas exhaust from the TWH was directed into the thermal spray hood allowing the
ventilation system to remove the flue or natural gas from incomplete combustion. A photo of the

setup is shown below.
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Fan Specification:

- 24” impeller diameter

- 1140 RPM

- 0.54 HP

- Woods Fans (Canada) Limited

Measured air pressure:

- 0.18 t0 0.22 in wc

- Dwyer Pitot tube

- Approx. 1800 to 2000 fpm
- Air flow was non-uniform

Ambient air temperature:
- 23 degrees C

Measured maximum water
temperature (TWH outlet):

- 44 degrees C

Prototype heat exchanger test
loop:

- Meshed tube loop

Sampling frequency:

- 1 Hz

Figure 43: Large vane axial fan for air cooling tests

Again, the test was run with the meshed tube rows first, to see if an appreciable temperature
difference between inlet and outlet is measurable. If not, no bare tube tests will be conducted as
the performance comparison is not possible without significant temperature differences. The
Keysight data logger was set to record the temperature every second. The water flowrate was tested
at three set points of 4, 6 and 8 GPM using the throttling valve. The fan was a single speed unit. A

pitot tube was used to measure the airflow velocity of the vane axial fan.

11.  Results and Discussion

Flue gas heating domestic cold water
In total, three water flow rates were tested. At each water flow rate set point, the system ran
continuously for 15 minutes to ensure steady state, measurements were taken when the outlet water

temperature was no longer rising. The result of the flue gas test is as follows:
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Table 17: Flue gas heat exchanger test results for three water flow rates

Inlet air Water Inlet water Outlet Temperature
temperature flow rate temperature water difference
[°C] [GPM] [°C] temperature [°C]
[°CI
115.5 3.03 11.7 14.7 3.0
117.0 5.07 11.7 13.0 1.3
118.0 7.01 11.7 12.6 0.9

An NTU-based calculator software was used to compared predicted results with actual results. The
software, COIL — Plate-Fin-Tube Coil Analyzer, was used for predicting coil performance is
bundled with the McQuiston HVAC Analysis & Design textbook [50]. Detailed inputs and outputs

for modelling the flue gas heating tests are included in section A.5.

For the entering and leaving fluid temperatures, the simulated temperature difference is 2.7 degrees
Fahrenheit (1.5 degrees Celsius) falling in line with the experimental result temperature difference
as listed in Table 17. The flow rate in the calculation was higher than experimentally achieved
(12.2 GPM) so the calculated performance was slightly better than experimentally achieved
results. Thus, for the test case, with the flue gas from the TWH, an industry standard plate-fin tube

exchanger may perform better than the mesh-based prototype.

Since the overall fluid temperature difference is quite low, the results of the test and similar
simulated result indicate that the flue gas temperature was insufficient to change the water

temperature in a significant manner. Various factors affected the amount of heat transferred:

o The water flow rate was near the minimum as the flow meter required at minimum 2 GPM

e The duct system lost heat (~20-25 degrees Celsius) from the TWH to the air inlet on the heat
exchanger (TWH flue gas exhaust was around 140 degrees Celsius, close to the 300-degree
Fahrenheit figure as the manufacturer had specified)

e Ducting losses are difficult to mitigate because the duct is already as short as possible given the lab
spacing and configuration of the test equipment

o Airflow is too low due to the large expansion from 4-inch round to 17-inch square, the low volume
flow rate flue gas exhaust from the TWH results in an even lower average flow velocity upon

reaching the expanding duct adapter, at the duct expansion, flue gasses also cool rapidly
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Result: In order to increase temperature difference between the water inlet and outlet of the heat

exchanger requires increased coil velocities and temperatures.

Flame impingement heating passes

The time to reach steady state temperatures was unknown. As such, tests were run for over 500
seconds to allow sufficient time for the system to reach steady state. Two tests were run to see if
the high (1500 mm/s) and low (500 mm/s) trajectory speed would cause a noticeable difference in
temperature rise. The inlet and outlet water temperature are logged for the duration of the test at
every 5 seconds with the Keysight DAQ and are shown in the plots below. The logging will show
if a steady temperature difference is achieved and when the temperature difference reaches steady

state, if at all.
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Figure 44: 500 mm/s robot speed flame spray heating
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Figure 45: 1500 mm/s robot speed flame spray heating
Again, similar to the flue gas heating test, the results of the flame impingement test indicate that
the flame impingement passes over the heat exchanger mesh and tube were insufficient to change

the water temperature in a significant manner, although as expected, the outlet temperature was
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slightly higher than at the inlet. The increased flame spray torch tip traverse speed did not produce

a noticeable increase in outlet temperature.

The meshed side tests showed that inlet / outlet temperature difference stayed the same at 1 or 2
degrees Celsius. The overall temperature fluctuation of the domestic water supply had more effect
on the temperature measurement than the heating due to flame impingement. As such, the
unmeshed tube loops were not tested, the comparison between the meshed and unmeshed tubes is
not measurable at these minimal temperature differences. Various factors impacted the amount of

heat transferred:

o To maximize water temperature difference, the water flow rate was near the minimum (flow meter
required at minimum 2 GPM for accurate measurements)

o The flame impingement was only onto the first layer of the multi layered heat exchanger, meaning
the tube loop deeper inside was not heated as much as the outermost tube and was mixing the colder
water contained inside it with the heated tube loop once reaching the header before the outlet,
ultimately reducing outlet temperature

e Heat was essentially a point source, and despite the very hot point moving across the whole cross
section, there was not enough heat being transferred from the flame across the complete heat
exchanger cross section, areas were cooling down before the flame had a chance to pass over again

e A larger flame or torch array could be considered to cover more of the cross section and reduce the

need to traverse the flame over the cross section

Result: In order to increase temperature difference between the water inlet and outlet of the heat
exchanger, the system requires increased simultaneous heat transfer across the whole cross section
area. A single, very high temperature point source is not sufficient even if moved over the cross-

section area at high speeds.

Air cooling heated water from TWH
The inlet and outlet water temperatures of the TWH supplied domestic hot water cooled by ambient
room temperature air is logged for over 10 minutes at three flow rates. The plots of the

temperatures are shown in the figures below.
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Figure 46: 4.02 GPM cool air test temperature log
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Figure 47: 6.85 GPM cool air test temperature log
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Figure 48: 8.14 GPM cool air test temperature log

The approximately 0.5-degree Celsius temperature difference in the two higher flow rate tests are
too insignificant and could be a result of thermocouple discrepancy (systematic error). As can be
seen over the majority of the 10-minute tests, the temperature difference remains unchanged. The
parallel nature of the inlet and outlet temperature plots indicates that the fluctuations are caused
by temperature changes at the source (TWH) and not by airflow cooling the water through
convection heat transfer. Thus, at the two high flowrate test cases (6.85 and 8.14 GPM), the heat

exchanger cooling performance is not measurable.
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In the lowest flow rate test (4.02 GPM), the steady state is reached after approximately 100
seconds. The temperature difference is approximately 1 degree Celsius, not much higher than the
uncertainty that exists for the inlet and outlet thermocouple probes sensors. The low temperature
difference between the air (23°C) and water (44°C) is likely the cause of low water temperature
difference between the inlet and outlet of the prototype heat exchanger. The inlet temperature was
also unable to stay steady as the test went on, potentially caused by burner controls inside the TWH

attempting to modulate the temperature at the maximum set point.

Multiple factors influence the amount of heat transfer and cooling performance:
e Fan speed could be increased (higher coil velocity) for higher convective heat transfer coefficient
o Hurdle: Large cross section, high volume flow rate fans are costly
e Air temperature can be lowered for greater temperature difference between air and water
o Hurdle: Usable source of constant temperature cold air is required
o  Water temperature can be raised for greater temperature difference between water and air

o Hurdle: Domestic use TWH has reached its maximum water heating performance
Potential solution: Source electric water heater and use cold room for tests

e Cooler air temperatures, increased temperature difference between water and air, no

requirement for natural gas ventilation with electrical heaters compared to TWH

Result: In order to increase temperature difference between the water inlet and outlet of the heat
exchanger, the system requires a higher temperature difference between the crossflow air and

water inside the tubes.

1. Overall summary of tests
In total three tests were attempted with the prototype heat exchanger in an effort to quantify heat

transfer performance.

Table 18: Summary Table for Prototype Heat Exchanger Performance Tests

Test Description Result

Domestic cold water Using an existing tankless water Air side temperature and flow

heated by boiler flue heater, exhaust gases were vented rates were too low, water inlet

exhaust into the air side heat transfer area of | / outlet temperature change
the prototype heat exchanger. was negligible.

&3



Domestic cold water

A robotic manipulator with a flame

Heat imparted over the tube

ambient air

temperature air was blown over the
cross-section area to cool heated

water flowing inside the tubes.

heated by flame spray torch traverses rapidly over and mesh cross section was

impingement the air side cross section area to insufficient to change water
heat up water flowing inside the temperature by more than
tubes. 3°C.

Heated water cooled by | Using a large vane axial fan, room | Temperature difference

between air (21°C) and water
(44°C) was too small to cool

water by more than 2°C.

All tests had elements which were improvements but also insufficiencies. For the first test, both

air side flow rates and temperatures were not high enough. The second test improved on the air

side temperatures, but area of effect was not large enough. The third test provided sufficient

airflow, but temperature difference was insufficient. From the various tests performed with the

prototype, each test showed both areas of improvement leading to a redesigned heat exchanger and

compatible test setup which was fabricated in an effort to continue development of novel thermally
sprayed tubular heat exchangers. It was important to design the samples alongside the test

apparatus so aforementioned testing challenges could be avoided and capabilities of the test system

would be sufficient to heat the samples. The following sections apply the aforementioned learnings

leading to a modified approach to continue development of thermal sprayed mesh tubular heat

exchangers.

84




A.4  Circulator pump performance curves

Performance curves
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Figure 3: Constant speed

A.5 Simulated results of flue gas prototype heat exchanger tests

COIL — Plate-Fin-Tube Coil Analyzer was used to give comparable performance of industry
standard plate-fin tube exchangers [51].
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File
[ Cooling Coll- Fiehiigerants | Cooling Coi - Liquids |

Heating Coil - Liquids T Heating Coil - Steam T Refrigerant Condenser ]
~Title Air Side
Barometric: Pressure [7 ft elery.
il Dy Bulb Temperature [on F
| ‘Web Bulb Temperature [;; F
Face Velocity [s00 ft/min
- Heat Exchanger Configuration | 1 Tube Side
Fluid
Fin / Tube Malerials IAIuminum / Copper Ll . IZU.FBU Ethelyne Glycol A ater L]
Width [23 in. Vettical Tube Spacing [15 in | [Pass/Row = 1 =l
i i Horizortal Tubz Spacing [13 i |
Fin Pitch [10 in. onzontal F.U :h‘::!"Q 1.3 !n | T TR F
in Thickness ho
Vsl ‘ = oo © | FladVelocky [T s
Outside Tube Dia. |D,525 in |
Tubes / Row h 2 | | Fouling Factor I hr-ft*2-F /Blu
Wall Thickness ID.I]2 in. | 0
Analyze Coil

Figure 49: Main screen of Coil program graphical user interface

The following screenshot outlines the inputs to the program. Care was taken to get a close
approximation to the prototype heat exchanger as possible with the assumption that a similar sized
plate-fin tube would perform in the same order of magnitude as the novel mesh tube prototype. As
previously stated, the fin / tube materials are stainless steel, the dimensions are 17, there are 2
tube rows with 5 tubes per row. These measurements are specified to reflect the dimensions to the
prototype heat exchanger. Because wire meshes are used instead of fins, the fin pitch is spaced in
the same dimensions that the mesh sheets are spaced. Fin thickness was taken to be wire thickness
of the wire that is weaved to form the mesh. Dry bulb temperature and face velocity were chosen
in accordance to the best estimates from the TWH outlet temperature measurement and duct blower

fan specifications.
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[

Cooling Cail - Refrigerants T Conling Cail - Liquids

]

Heating Coil - Liquids T Heating Cail - Steam

[

Riefrigerant Condenser [

Title:

Air Side

Barometic Pressure 2120 ft elev.

Dy Bulb Temperature 200 F

Heat Exchanger Configuration

Web Bulb Temperature |57 F

Face Velocity [1o0 ftérmin

Tube Side
Fluid

Fin / Tube M aterials |Steel.-’5 teel

Width ,1?— in.

FinFitch [z in.
TubeRows [2
Tubes / Row [5

=

Wertical Tube Spacing |357 i
Harizontal Tube Spacing |37 i
FinThickness oo

Outside Tube Dia. 1~

wiall Thickness [nps

|Water

=l
=l

|Pass/Row =( Tubes/Row)/2

Fluid Temp. (55 F

Fluid Velocity |5 ftéz
Fauling Fastar [g bt 2-F /Bt

Figure 50: Input for calculating TWH flue gas heating scheme for prototype heat exchanger

Results of the calculation program were outputted in the following window:

COIL DESCRIPTIDN:
TYPE OF COIL
TUBE PATTERH
HATERIAL
TUBE SIDE FLUID
FINNED SIDE FLUID

= WATER

OR BRINE SOLUTION

STAGGERED PLATE-FIN-TUBE GOIL
STEEL FINS WITH STEEL TUBES

WATER
AIR
FINNED SIDE AIR PRESSURE

2128. FT. OF ELEVATION

FACE AREA = 2.87 SQUARE FEET
HEIGHT OF HEAT EXCHAMGER = 17.5 IMNCHES
WIDTH OF HEAT EXCHANGER = 17.8 INCHES

HUMBER OF ROWS OF TUBES IN THE AIR FLOW DIRECTION =

HUMBER OF TUBES PER ROW = 5

FIN PITCH 3 FINS/INCH
UERTICAL TUBE SPACING
HORIZONTAL TUBE SPACING
TUBE DUTSIDE DIAMETER
TUBE WALL THICKHESS
INSIDE TUBE FOULING FACTOR
DIAMETER OF IMLET PIPE/HEADER

TOTAL HEAT TRANSFER RATE
SENSIBLE HEAT TRANSFER RATE
ENTERING AIR CONDITIONS:

FIN THICKHNESS
3.580 INCHES
3.008 INCHES
1.8080 INCHES
-858 INCHES

2
CIRCUITS ON TUBE SIDE

2

-810 INCHES

8088 HR-FT"2-F/BTU
1.3 INCH(S)

16667 .3 BTU/HR
16667 .3 BTU/HR

DRY BULB TEMPERATURE = 388.8 F
FACE UELDCITY = 188.88 FPH
AIR VOLUME FLOW RATE = 286.6 CFH
LEAUING AIR CONDITIDNS:
DRY BULB TEMPERATURE = 184.2 F
TUBE SIDE CONDITIDNS:
ENTERING FLUID TEWPERATURE = 55.8 F
LEAUING FLUID TEWMPERATURE = 57.7 F
TUBE SIDE FLUID VELDCITY = 3.88 FPS

COOLING OR HEATING LIQUID FLOW RATE
.881 INGHES OF WATER
3.88 FEET OF WATER

AIR PRESSURE LOSS
TUBE SIDE HEAD LOSS

FIN EFFIGCIENCY -y

TUBE SIDE HEAT TRAMSFER COEFFIGCIENT
FINHMED SIDE HEAT TRAWSFER GOEFFICGIENT

MEAN TEMPERATURE DIFFERENCE

SURFACE EFFECTIVEHESS

12.2 GPH

489

584.5 BTU/HR-SQFT-F
2.8 BTU/HR-3QFT-F

179.9 F

Figure 51: Output results of simulated prototype heat exchanger
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Appendix B
B.1 Drawings for tube bending, tube press, and assembly process
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