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1 Introduction 

Microchannel fluidic devices have been a common topic of research for about 30 

years [1]. There is a large amount of effort directed towards understanding the 

phenomena that occurs within a microchannel. However, this discussion will be on the 

application of microchannel devices – rather than focusing on specific challenges 

encountered within a channel. There is a wide range of applications for these types of 

arrayed microchannel devices, which include: medical, heat transfer, chemical mixing, 

fuel processing, etc. Even though the range of applications is diverse, they all share 

common advantages gained through microchannel technology.  

Microchannels have a high surface area-to-volume ratio, which offers advantages 

in a few different ways. In terms of heat exchangers, this is advantageous because it 

allows the overall device size to be reduced as compared to a device with larger sized 

channels. It basically allows the two heat-exchanging mediums to act more intimately. 

High surface area-to-volume ratio is also an advantage in situations where the fluid’s 

interaction with the channel wall is important (e.g., catalyst type reactions). The 

amount of fluid in a given channel is inherently small in a microchannel. This offers 

advantages in devices that rely on mixing, primarily diffusion mixing. Diffusion 

occurs faster when it is performed in small volumes (microchannels) because the 

opportunity for interaction increases. These effects are often referred to as process 

intensification. 
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A typical microchannel has a hydraulic diameter on the order of 1 mm (or less), 

but the overall arrayed device is typically an order of magnitude (or more) larger. 

Devices with microchannel arrays can be single or multi-function, depending on their 

end-use. The method of manufacturing these devices varies nearly as much as their 

applications do. Commonly, thin plates (layers or laminae) with incorporated 

microchannel geometry are stacked together to form a single device, thus creating 

internal flow structures. The various methods used to create the geometry, as well as 

the method of assembling the layers into one contiguous unit, provide the diversity of 

manufacturing.  

Mature processes are commonly used to manufacture prototype quantities of 

microchannel devices. Chemical etching, photo etching, and micromachining are a 

few examples of how channel geometry can be created within a layer. Adhesive 

bonding, diffusion bonding, and laser welding are some examples of how the layers 

can be assembled into a full device. The material of the individual layers directly 

dictates what processes are used for manufacturing. 

Common materials for construction are: stainless steel, silicon, polycarbonate, and 

polydimethylsiloxane (PDMS).  The material choice is highly dependent on the 

application. For example, an application that uses caustic fluids might require a 

ceramic material while an application that requires high heat transfer rates would most 

likely use metal.  
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The ensuing discussion will cover a variety of single- and multi-functional arrayed 

microchannel fluidic devices that cover several different applications. Within the 

discussion, a number of manufacturing methods, materials, and designs will be 

examined. Some examples (from literature) of how microchannel technology has been 

applied to several novel devices used in fuel reforming, electronic chip cooling, and 

bio-related applications will be reviewed. Also, the design and fabrication of two 

microchannel devices for waste-heat energy conversion is included. Lastly, and the 

primary focus of this research, a multi-function microchannel water pasteurizer will be 

discussed. This device was built by a team of individuals; my contribution to the 

project include the laminae design, fabrication, and testing (test bench development, 

methodology, and data collection). The arrayed microchannel device examples 

presented in this thesis prove to offer the same performance as conventional devices 

(non-microchannel), but in a package that is more lightweight, compact, and mobile. 
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2 Literature Review 

2.1 Application Examples 

The devices discussed here, excluding the bio-related example applications 

(section 2.1.3), rely on heat transfer for their operation. Heat transfer is dependent 

upon the thermal resistances it encounters. In general, by minimizing the amount of 

material between the two heat-exchanging mediums, the thermal resistance of the 

device is lowered, although the convective resistance often dominates such situations. 

To address this convective resistance, the channel depth can also be minimized to a 

point until pressure drops become significant, thus optimization is needed in 

microchannel arrayed heat exchangers.  Microchannel architecture accomplishes both 

of these challenges and minimizes the thermal resistances in the heat exchanged 

between the two fluids: 

 

Furthermore, arrayed microchannel devices offer the opportunity to split the bulk 

fluid flow up into a large number of channels; the flow rate in each channel can be 

very small. This also optimizes the heat transfer. The thermal resistance pictured 

above is dominated by convection; the conduction resistance is typically not the 

limiting factor.  
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Microchannels enhance the convective component of heat transfer by minimizing 

the height of the channel. The convective heat transfer coefficient (h) is inversely 

dependent on the hydraulic diameter (Dh).  

! 

h = Nu k
Dh

 (1) 

The material conductivity (k) is a property of the heat-exchanging fluid and is 

assumed to be constant. Furthermore, because of the small dimensions of an individual 

channel, the flow is often laminar so the Nusselt number (Nu) is constant [5]. This 

means that the heat transfer coefficient (h; W/cm2-K) increases as the hydraulic 

diameter decreases. Essentially, microchannels increase the heat transfer rate because 

h is increased (as compared to devices with conventional channel sizes). For example, 

a microchannel reactor that is the same overall size (volume) as a tubular reactor 

(conventional) has ten times as much heat transfer area [3, p228]. Reducing the 

hydraulic diameter will increase the pressure drop across the device (thus pumping 

power), thereby establishing a lower limit for Dh.  

Specific scaling laws can mitigate the pressure drop if the arrayed microchannel 

device is designed properly. To demonstrate this, consider an idealized heat exchanger 

that consists of a vertical stack of channels as shown in Figure 1. Basically, as the 

number of channels increases the length of the device is reduced: assuming a constant 

cross sectional area (W x H), heat flux (Q), flow rate, and fluid properties. Also, it can 

be shown that the overall pressure drop is independent of channel length and height. 
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Figure 1: Idealized heat exchanger consisting of N channels of length L, width W, and 
height H. 

 

To demonstrate this, consider a basic heat exchanger energy balance using the log-

mean temperature difference (!TLMTD) method,  

! 

Q = "TLMTD #U# AHEX  (2) 

where Q is the heat exchanged, U is the overall heat transfer coefficient (" h/2; see 

equation 1, Nu is constant), and AHEX is the required area for heat exchange (see 

Figure 1). Rearranging equations 1 and 2: 

(3) 

! 

AHEX = L"W " (N #1)

 

! 

L =
Q

(N "1)#W #U# $T
%
C
N

 (4) 

From equation 3, it can be seen that the length (L) of the device will decrease if the 

number of channels increases and all other variables remain constant (C in equation 4 

represents the fixed variables). Pressure drop (!P), based on fully developed laminar 

flow, can be estimated as follows. 
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(5) 

(6) 

(7) 

! 

"P =
64
Re

#Um
2

2Dh

L $
16µ
#

˙ m %
W 4

Re =
#U mDh

µ

Um =
2 ˙ m 
#W 2

Dh = 2a = 2 H
N

 

(8) 

where # is the fluid density, Um is the mean velocity, 

! 

˙ m  is the mass flow rate, and µ is 

the fluid viscosity. From equation 5, it is evident that the pressure drop across the 

device does not depend on the length or the number of channels. The following plot 

illustrates shows the inverse relationship between channel number and pressure drop 

and Reynolds number for a defined set of conditions. 

 

 
Figure 2: Scaling plot where Q = 1000, !TLMTD = 28.8 °C, properties derived from air 

at 312 °C, Nu = 7.54. 
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2.1.1 Fuel Reforming using Microreactors 

As our society becomes more and more dependent on mobile technology the 

power consumption of these devices also grow. These applications could include cell 

phones, laptops, GPS units, and mp3 players. The current and most widely used 

medium for electrical power in the mobile sector is storage batteries (e.g. Li-ion, 

NiCd). The primary drawback to storage battery technology is their recharging 

requirement; the devices that use them still rely on the availability of the power grid. 

Increasing the battery size can increase the life of the battery between charging 

sessions. However, this is not a favorable trade-off for the consumer mobile market. 

Proton exchange membrane (PEM) fuel cell technology is capable of providing 

electrical power without dependence on the grid for recharging. The basic premise of a 

PEM fuel cell is that it mixes hydrogen with air to generate water. The exchange 

happens via the PEM that allows protons (hydrogen ions) to pass through and in 

exchange it delivers an electron to an external circuit. It is not beneficial to maintain a 

stored quantity of hydrogen with a fuel cell, but fuel reformation processes and the use 

of microchannel devices to miniaturize the processes are making this a promising 

mobile power source.  

Hydrogen is difficult to store, simply due to its gaseous nature and the ability 

to leak through any practical containment vessel. Liquid fuels are easily stored and a 

reforming process can be used to extract hydrogen (H2) from the fuel. A commonly 

recommended fuel used for reforming is methanol and there is much research focusing 
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on its reformation to produce hydrogen [2]. Basically, vaporized fuel is mixed with 

steam and passed over a catalyst. The resulting oxidation reaction produces: 

Steam Reforming (SR), Water-Gas Shift (WGS) 

! 

CH3OH +H2O"CO2 + 2H2

H2O+CO"CO2 +H2

 

Preferential Oxidation (PROX) 

! 

CO+ 1
2O2 "CO2 

Direct Methanol Fuel Cell (DMFC) 

! 

Anode :  CH 3OH + H 2O"CO2 + 6H + + 6e#

Cathode :  O2 + 6H + + 6e# " 2H 2O + CO2

 

Methanol reforming (SR + WGS + PROX) and DMFC represent two different 

processes for using methanol. The first is commonly used for a variety of fuel types, 

where steam reforming is highly endothermic requiring 131 kJ/mol. WGS is slightly 

exothermic, -40 kJ/mol, and reduces CO concentrations to about 1% [3]. PROX is 

very exothermic, -558 kJ/mol, and requires strict temperature control for success 

which can be accomplished as shown in Figure 3 [4].  Multiple stages are used to 

reform the fuel to extract all 3 moles of hydrogen (per mole methanol) and ensure a 

clean source (i.e. remove CO because it damages the fuel cell). Each device contains a 

catalyst, which can be made by coating microchannels. The hydrogen gas products can 

then be passed along to a fuel cell to produce electricity.  
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The second type of reaction is that of a DMFC. These fuel cells directly 

convert methanol into electrical power, require no heat input (operate at room 

temperature) and thus are simpler than PEM fuel cells (assuming a fuel reforming 

process is used to generate hydrogen). However, DMFC cannot offer the same power 

density (~0.06 W/cm2) as PEM fuel cells (0.5 w/cm2) due to the conversion efficiency 

and are therefore less likely to succeed in the mobile market [2][3]. 

 

 
Figure 3: Example of a PEM Fuel Cell with gas reforming stages. The SR & WGS can 

be combined as a single device with the use of microchannel devices. 

 

 

Figure 4: Basic PEM Fuel Cell diagram. 

 

Microchannel technology is commonly used in all three phases of the fuel 

reforming process. Utilizing microchannel technology allows for miniaturization due 

to its high surface area-to-volume ratio, which also equates to increased efficiency 

(optimizing heat transfer). Microchannel reactors also offer advantages in practice by 
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offering increased throughput and higher yield in more aggressive conditions 

(compared to conventional reactors), and can be safer to operate (inherent flame 

arrestor ability of microchannels). 

The steam reformer is the core component of producing hydrogen, as is 

demonstrated by the balanced reaction equations above. The final step, reducing the 

CO levels to acceptable levels, is not always necessary or as critical. Steam 

reformation is an endothermic (requires heat input) and is dependent on the catalyst 

used (but will not be covered in detail here). As shown in Figure 3 andFigure 4, the 

fuel cell’s exhaust gas contains approximately 5% hydrogen [4]. Combustion of the 

exhaust gases can then be used in the steam reforming process and this is where 

microchannel design can offer advantages over conventional designs. The heat input 

requirement to drive the endothermic steam reforming can be met much more 

efficiently and satisfy the needs of miniaturized fuel reforming [3, p228].  

 

i. Steam Reforming 

 Microchannel devices have yet another advantage as it pertains to fuel 

reforming – the increased surface-to-volume ratio allows for increased catalytic 

effects. Researchers at The Institut für Mikrotechnik Mainz (IMM, Germany) have 

implemented this through the novel design of a combined steam reformer/catalytic 

afterburner [6]. This device operates as a co-current heat exchanger with a catalyst 

coating on both the reforming and combusting microchannels similar to the diagram 
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shown in figure 5 below (combustion driven by catalytic process). The IMM device 

consists 64 plates with 27 channels (typical channel dimension: 1 x 0.1 x 30 mm). The 

conversion of methanol to hydrogen was approaching 80% at 290 °C [3]. Later 

research by the same institution produced a similar type device that was capable of 

complete methanol conversion while producing 0.35% CO. This overall device 

measured 120 x 36 x 25 mm (channel dimensions not given) [7]. 

 

 

Figure 5: Diagram of a co-current combined steam reformer and catalytic afterburner. 
Catalytic combustion channels remain separate from steam reforming channels. A 

stack of alternating layers produces the complete device. 

 

The Pacific Northwest National Laboratory (PNNL) was able to utilize this 

concept in a similar device such that it contained all the necessary components in a 

(vaporizer, steam reformer, catalytic combustor) in a breadboard fashion for reforming 

methanol to hydrogen with greater than 99% conversion capability. The device was 

found to operate with 85% thermal efficiency (based on lower heating value), and 

produces 0.8% carbon monoxide for 20, 50, 100, and 150-watt systems [2] [3]. The 
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literature regarding combined steam reformers in some cases did not disclose specific 

microchannel geometry (proprietary information), but all the systems discussed here 

leveraged microchannel architecture. 

 

ii. Water-Gas Shift Reaction 

The WGS reactor can be used to convert remaining carbon monoxide to 

hydrogen per the reaction equation listed above. One of the advantages of using 

methanol to produce hydrogen is that it produces minimal amounts of carbon 

monoxide because it can be reformed at lower temperatures (150-350 °C; other fuels > 

500 °C) [2]. For applications where a WGS device is needed, it can also serve as a 

heat exchanger because the reaction is moderately exothermic [3, p229]. This helps 

maintain overall efficiency in the fuel reforming process by minimizing waste heat 

and also helps optimize the WGS reaction. Approximately 95% of carbon monoxide 

can be converted to hydrogen (see WGS reaction) in a reactor with well-controlled 

temperature as opposed to about 80% without temperature regulation [3, p229]. 
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Figure 6: Microchannel WGS Reactor [3] 

 

A high temperature reforming system presented by the IMM utilized Iso-

octane as the feed fuel and leveraged microchannel architecture for the WGS reactor. 

The device is a cross flow heat exchanger – cooling flow is carried in separate 

channels perpendicular to WGS reaction flows. The total device consisted of 110 

layers; the WGS reaction channel dimensions were 0.6 x 0.8 mm (W x H) and a 

PT/CeO2 catalyst was used. The overall device was 200 x 120 x 120 mm (L x W x H). 

Through experimentation, the device was able to reduce the carbon monoxide level by 

more than 9:1 [6]. 

 

iii. Preferential Oxidation Reaction 

 The last step in the reforming process is simply to remove any remaining 

carbon monoxide to levels that are acceptable to a PEM fuel cell. Carbon monoxide 

levels in the hydrogen stream are considered acceptable when they are on the order of 
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10 ppm or lower; higher levels than this will poison the PEM of a fuel cell [3].  

Palladium diffusion membranes, methanation, and PROX are all capable methods for 

removing carbon monoxide, but PROX appears to be the most practical [8].  Again, it 

is advantageous to employ microchannel architecture in these devices. The reaction is 

exothermic, but is dependent on a catalyst material and the high surface area-to-

volume ratio inherent in microchannels maximizes the catalyst’s affect. 

Chen et al. reported a CO selective oxidation device utilizing microchannel 

structures that was capable of removing carbon monoxide from hydrogen gas to low 

enough levels for use in a PEM fuel cell of about 0.25 kW power level (equivalent to a 

flow rate of 176 L/hr) Long term catalyst stability was not proven. The device was 

constructed from stainless steel shims coated with a Rh-K/Al2O3 catalyst. The 

following table outlines the dimensional characteristics, but it should be noted that the 

device did not incorporate any heat removal mechanisms (e.g. cooling channels in 

adjacent layers). The device consisted of four, stacked laminae that were clamped 

together. [8] 
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Table 1: Parameters for the PROX chip developed by Chen et al. [8] 

Parameter Dimension 

Laminae Thickness (mm) 0.34 
Channel Height (mm) 0.17 

Channel Length (mm) 30 
Channel Width (mm) 0.5 

Channels per Laminae 48 
Number of Laminae 4 

  

Delsman et al. presented a more extensive microchannel PROX reactor (for 

methanol) that incorporates one reactor and two heat exchangers into a single device. 

The design captures 90% of the available heat to ensure an efficient fuel processor. 

Approximately 11 watts of heat was released by the PROX reaction (exothermic) that 

was captured. Additionally, the PROX reaction was optimized by maintaining a 

decreasing temperature profile from 170 to 130 °C. The reformate mixture left the 

steam reformer at approximately 250 °C and the fuel cell required an inlet temperature 

of 60 °C. This works out to 13 watts of heat captured by the microchannel heat 

exchangers up and down-stream of the PROX. [4] 
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Figure 7: Delsman et al. PROX reactor diagram [4] 

 

Table 2: Heat exchanger and PROX reactor dimensions [4]. Refer to Figure 7 

Heat Exchangers PROX Reactor 
Parameter Low T High T Reform Return 
Number of Laminae 2 4 22 11 

Channels per Laminae 29 29 13 10 
Channel Width (mm) 0.4 0.4 1 0.5 

Channel Height (mm) 0.3 0.3 0.2 0.25 
Channel Length (mm) 40 40 30 30 

Total Size (W x L x H)  NA 17 x 64 x 55 
Laminae (W x L x H) (mm) 17 x 50 x 0.5 17 x 40 

 

All three of the devices were constructed from stainless steel laminae, which 

were assembled in alternating stacks. The stacks were laser-welded around the 

perimeter to seal them. Furthermore, a 1 cm thick layer of insulation was used 

between the heat exchangers and the PROX (see Figure 7 for device configuration) 

was used to minimize heat transfer between the components. Through 
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experimentation, it was shown that a microchannel PROX reactor and heat exchangers 

were able to reduce the carbon monoxide from 5000 ppm to about 10 ppm with a heat 

recovery efficiency of 90% (based on a flow rate of 3 L/min, which is equivalent to a 

100 We fuel cell system). The heat that was removed from the reformation stream was 

used to heat the fuel cell exhaust to aid in the catalytic combustion that would occur in 

a microchannel steam reformer. [4] 

 

2.1.2 Chip Cooling using Microchannel Heat Sinks 

The development of microelectronics in the later part of the 21st century has 

been one of the driving forces behind microchannel fluidic devices. The ever-

advancing VLSI packages (high density integrated circuits of transistors, e.g. 

microprocessors) have led to increased power consumption and requisite heat 

dissipation requirements. Without proper heat dissipation, the life cycle of an IC 

package degrades quickly due to material failures within the chip. The same can be 

said of larger packages that are systems of ICs and offer high computing power, such 

as servers.  Tuckerman and Pease presented some of the initial research of a 

microchannel heat sinking solution [1].  

Many of the developments in microchannel technology can be related back to 

the advancements of VLSI packages. For example, the chemical etching processes that 

are commonly employed in manufacturing microchannels were initially developed for 

creating integrated circuits (IC).  The etching process’ ability to produce 
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microstructures with high accuracy and repeatability is a necessary characteristic for 

ICs and can be used directly to also produce microchannels. In fact, some 

microchannel heat sinks are manufactured using silicon wafers; the same medium that 

IC packages are built from [10]. Advancements in chemical etching have allowed this 

technology to be used with materials other than silicon, such as stainless steel 

(discussed in following sections). 

Traditional air-cooling methods that employ a simple device, with heat transfer 

fins, approach their maximum heat removal at about 100 W/cm2 [9]. Thermal 

dissipation requirements are exceeding this limit and more advanced solutions will be 

needed going forward. Furthermore, space considerations do not always allow for air-

cooling (e.g., mobile devices). Microchannel cooling devices, due to their high heat 

transfer coefficients in a small package (high surface area-to-volume ratio), can offer 

advanced heat dissipation solution. 

 

i. Single Component Heat Sinking - High Power Chip Cooling [10] 

Colgan et al. presented a microchannel cooling solution (for a single chip) with 

a demonstrated heat dissipation rate of 300 W/cm2.  The microchannel cooler was 

constructed from silicon and water was used as the cooling fluid. The microchannel 

cooler consisted of two silicon chips, a header and channel chip, which were fusion 

bonded into a single unit. Both were made from silicon wafers (18.5 x 18.6 mm2, 
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0.675 mm thick) and formed using photolithography and deep silicon reactive ion 

etching. 

The header chip was designed to have eight rows of zigzagging through-holes. 

The holes were offset (versus elongated slots) to minimize the chance of fracture 

during manufacturing. A 0.25 mm deep header manifold pocket (to effectively connect 

zigzagging row through-holes) was etched into the channel chip side of the header 

chip. Two versions of the channel chip were built; one with continuous fins and one 

with staggered fins. Both versions of the single chip module (SCM) were built in two 

configurations as indicated in Table 3. The SCM was then glued onto a resistive heater 

chip with integrated temperature sensors for thermal evaluation. 

 

 
Figure 8: Microchannel cooler for VLSI. Channel chip (a) and header chip (b) [10] 
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Table 3: Parameters of SCM channel chip (mm) [10] 

 Continuous Staggered 
Parameter Units i ii iii iv 
P mm - - 0.075 0.100 
$ mm 0.045 0.060 0.045 0.060 

% mm - - 0.210 0.250 
Fin Width mm 0.030 0.030 0.030 0.030 

Fin Height mm 0.254 0.262 0.254 0.262 
Thermal 
Resistance (Rth) 

(°C-mm2/W) 21.0 22.5 20.7 21.6 

 

 The heater chip utilized for thermal testing was the same size as the SCM, and 

yielded a power density of 300 W/cm2 (900 W over 3 cm2). The flow rate of water 

through the SCM was 1.25 L/min. CFD results from the research indicate that the 

staggered fin configuration offers increased heat transfer (fin temperatures at 

equivalent distances along flow path were hotter for the continuous fin). The CFD 

results produced a heat transfer coefficient of 150 kW/m2-K for the continuous fin (ii) 

and 190 kW/m2-K for the staggered arrangement (iv). Empirical data indicated a heat 

transfer coefficient of about 210 kW/m2-K for configuration (iii). A cooling capacity 

of 300 W/cm2 was proven for a !T of 63 °C (Tchip = 85 °C; Tinlet = 22 °C). The 

pressure drop across the SCM was < 35 kPa. Thus, a high performance, simple, 

microchannel cooler was demonstrated for use in microelectronics. 
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ii. Oscillating Flow Heat Spreader [9] 

Server rooms present an interesting challenge for heat sinking. Current server 

rooms are designed with complex air management systems that have limited cooling 

capacity (e.g. suspended, porous flooring that acts as air ducting). Localized air-

cooling methods are also used, but as mentioned previously, their capacity is limited to 

about 100 W/cm2. Therefore, a high performance heat sinking method is needed. A 

microchannel heat spreader, using water as the cooling medium, is the subject of the 

research presented by Wälchli et al. [9]. 

 Using water as a coolant in these situations presents unique challenges. To 

make the solution as simple as possible, a closed loop design approach that uses a 

minimal amount of fluid was chosen. A closed loop system allows the cooling solution 

to be implemented without re-designing server rooms or adding to the complexity of 

additional plumbing. Microchannel systems inherently use small amounts of fluid due 

to their high surface area to volume designs; in the event the system should leak, this 

would minimize the damage to the components being cooled.  

 The basic premise for this cooling system is to utilize microchannel heat 

sinking, in combination with oscillating flow, as an effective heat spreader. There are 

three basic components in the system including piston pumps for fluid flow, a 

microchannel heat absorber (HA; in contact with the heat source), and multiple heat 

dissipators (HD; placed outside of the server module). The heat produced by the server 

will be transferred to the HA, where the continuously oscillating flow will carry the 
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heat to the HD’s where the heat can be dissipated over a larger surface area (via forced 

air convection). The demonstrated microchannel cooling system configuration is 

shown in Figure 9.  

 

 

Figure 9: Closed loop, oscillating flow microchannel liquid cooler for server 
applications (180° phase shift shown)  [9]. 

 

 

 The evaluation of this system was performed with two different flow 

configurations. Linearly oscillating flow (linear) is shown in the figure, where the 

adjacent pumps operate at 180° phase shift to the other pumps. In a radially oscillating 

flow (radial), each pump operates at a 90° phase shift to the adjacent pump. 

 The HA and HD were constructed from chemically etched 0.200 mm thick 

copper laminae. The laminae were subjected to a chemical oxidation to produce a 

well-defined oxide layer. The layers were then bonded together at a temperature such 

that the oxide layers melted and fused (but below the melting point of the bulk 

copper). The microchannel architecture for the HA and HD plates consisted of an 
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array of micro-dimensioned mesh structures shown in Figure 10. The area of the heat 

transfer ‘mesh’ was 20 x 20 mm2; three different mesh configurations were used (85, 

81, and 76 mL HA volume). The mesh structures were designed in an effort to aid in 

the flow paths for the radial flow configuration, guaranteeing uniform flow 

distribution. It does not provide any advantage for the linear flow configuration. While 

the HA plates were made of a contiguous structure of mesh elements, the HD plates 

were designed with two manifolds with multiple branching channels (where the mesh 

elements reside). An HD plate contain six times as much fluid volume as the HA plate.  

The HD plates are attached, with thermal adhesive, to a cooling plate (secondary 

cooling loop); in a server this would be an air-cooled blade module. For experimental 

purposes, however, this secondary cooling loop serves as a ‘thermal ground’ only so 

chilled water circulated through the cooling plate. 

 

 
Figure 10: Mesh structure for heat absorber and heat dissipater coolers. Overall width 

is on the order of 1 mm.  Above view (a) and side view (b) [9] 
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The oscillation frequency for experimentation was varied from 0.5 & f & 3 Hz. 

These settings were also determined to generate flow in the laminar region, based on 

the Womersley (') and the transition number (() [9]: 

! 
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2 #
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     ;     0.8 % " % 3
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     ;     80 % & % 562

 

where D, $, ), and !x represent diameter, angular velocity, dynamic viscosity, and the 

maximum axial displacement of the fluid elements, respectively. Pressure drop ranged 

from 100 mbar to 1800 mbar, depending on the flow configuration, frequency, and 

mesh used.  

 

 
Figure 11: Thermal resistance vs. pump displacement (pump power = 1W) [9] 
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 Evaluations revealed that the radially oscillating flow regime could not be 

established over the entire HA plate, but only in the center. From the data presented, it 

is difficult to distinguish a large performance difference between linear and radial 

configurations as a result. The linear configuration is, however, reported to have an 

increased heat spreading effect (Rth, linear < Rth, radial in all cases). Both linear and radial 

configurations are included within the error bars plotted in Figure 11. The Volume 

coverage per stroke (DVC), which is presented on the horizontal axis, represents the 

percentage of a quarter of the entire system volume that is being pumped: 

! 

DVC =
DPP

1
2VHA + 2Vtube + 2VHD

" 100% 

From the results shown in Figure 11, it can be concluded that the performance 

of the system becomes asymptotic as the pumping displacement value approaches 

120%, corresponding to a thermal resistance of about 0.125 (K/W). Therefore, it was 

concluded that the system was capable of a peak heat dissipation of 180 W/cm2 (an 

80% improvement over the theoretical air-cooling method maximum) with a !T=67 

K, 120% displacement, and an estimated 5% increase in the theoretical maximum 

thermal resistance. The medium density mesh, 81 mL volume, showed the best 

performance in terms of high heat transfer while maintaining a low pressure drop. 
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2.1.3 Microchannel Applications in the Biological Field 

 Microchannel technology is quickly being realized in a wide variety of bio-

related applications. The advantages that have been discussed for fuel processing and 

heat sinking applications, such as high heat transfer and throughput, also translate into 

improvements for bio applications. In addition, micro-sized geometry allows certain 

processes to occur because a specific molecule can be easily targeted. Diffusion 

mixing performance is also improved in microchannels due to the small volume of 

fluid that is transported within a channel. Applications of microchannel technology 

can be found in genomic applications, analysis of proteins and other biologically 

important molecules, ‘lab-on-a-chip’ applications where multi-step analyses are 

conducted within one micro-structured chip, and many other novel applications [12]. 

 

i. Micromagnetic-microfluidic Blood Cleansing Device [13] 

 The device that is presented by Yung et al. combines existing microfluidic and 

magnetic technologies into a novel device that can selectively isolate and remove 

particles from a blood stream. The application was developed for patients who are 

suffering from a disease called sepsis, a condition where the bloodstream is inundated 

with bacteria. Current treatments, which include membrane filtration, drugs, 

antibiotics, and transfusion, have limited success and are not optimal. These treatment 

methods can be a direct cause of additional problems (e.g., filtration removes the 

pathogen as well as other necessary components of blood).  
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 The basic premise for this technology uses a concentrated magnetic field that 

can direct magnetically labeled pathogens (MLPS) out of the blood stream and into a 

secondary stream.  This device is novel because it uses a secondary stream (phosphate 

buffered saline) to carry the pathogens away. Previously demonstrated devices allow 

the magnetically labeled particles to collect inside the channel and led to blockage. 

Figure 12 visually describes the device. The microchannels allow intimate interaction 

between the MLPS and the magnetic fields while minimizing un-wanted flow mixing. 

 

 

Figure 12: Micromagnetic-microfluidic blood cleansing device [13] 

 

 The device was constructed from four layers of polydimethylsiloxane (PDMS) 

that were plasma-bonded into a single device with microchannels within the assembly. 

The separation microchannel (where the saline and blood streams are in direct contact 

with one another) was 0.5 x 0.2 x 20 mm (W x H x L); the device consisted of four 

separation microchannels.  There was no membrane between the channels.  PDMS 
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layers 0.250 mm thick were used to keep the separation channels close to the field 

concentrator and maximize the effectiveness of the magnetic field. 

 Candida albicans (a bacterial yeast) was cultured, labeled with a florescent cell 

marker, and then mixed into a volume of blood. One-micrometer (1 µm) super-

paramagnetic beads were conjugated to antibodies (Abcam) against Candida albicans. 

The MPLS were then incubated with the bacteria laden blood so that they could bind 

(via the antibody) to the Candida albicans.  

 The device is structured such that the blood and saline solution enter in 

separate microchannels.  The two streams merge, but in order for this process to 

remain clinically effective, they need to remain separate. The underlying principal of 

the design is to direct the harmful pathogens from the blood stream into the saline 

stream via the magnetic field. If the saline solution becomes entrained into the blood 

flow, the pathogens will re-enter the blood stream thereby rendering the process 

useless. On the contrary, if the blood becomes entrained in the saline solution, the 

patient will suffer undue blood loss leading to other unnecessary complications. It is 

possible to mediate these effects and ensure independent streams by increasing the 

flow rate (and thus the pressure) of the saline solution. A flow rate ratio (saline:blood) 

of 4:1 leads to a 13% blood dilution, which can be easily compensated for using 

conventional hemaconcentrators. However, this was not evaluated to determine if 

sufficient pathogen removal is still possible with the increased flow rate; momentum 

transfer into the blood impedes the magnetic forces on the particles. 
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Figure 13: Blood cleansing device performance with various voltages [13] 

 

The tested device was able to remove 80% of the MLPS targets from 10 mL of 

fluid in 30 minutes (flow rate of 20 mL/h). The following mathematical relationship 

represents the device’s ability to remove pathogens from blood: 

 

where Cp is the concentration of pathogens, t is time, µ is the specific growth rate of 

the pathogen (typically 0.7 h-1), n is the number of microchannels used, F is the blood 

flow rate (per channel), φ is the separation efficiency per pass, and V is the total 

blood volume (500 mL in newborns where this application would often be used). The 

first term on the right hand side of this equation represents the pathogen growth rate 

while the second represents the rate of magnetic separation. Therefore, a system that 

contains 200 channels would be able to reduce the pathogens by 99% in 2.3 hours.  
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ii. Microchannel Array for Cell Biology Assays [14] 

 Microfluidic devices have seen a slow acceptance in biological research 

because the current non-microfluidic based methods/equipment are well established 

and there is a wealth of research data surrounding them. Furthermore, there is limited 

compatibility between current devices and microchannel applications. The 

microchannel device presented by Yu et al. [14] demonstrates the advantages of 

microfluidics with the design of an arrayed micro-well culture plate that is capable of 

using existing instrumentation (e.g., plate readers).  

 Using microchannel devices in cell biology offers many advantages: tight 

control over environmental factors (which increases the sensitivity of 

experimentation), minimized consumption of experimental components (e.g., reagents, 

cells), and because the fabrication methods are well developed there is a wide range of 

flexibility in channel design. The compatibility limitation is an obstacle that can be 

overcome through appropriate design, as demonstrated with the arrayed micro-culture 

well device presented by Yu et al. [14]. Commonly, culture wells are formed in Petri 

dishes and multi-well plates; the device of this discussion utilized an array of various 

microchannels that are the culture wells. 

 The microchannel array contained 96 micro-culture wells (microchannels) in a 

standard microtiter plate format (so existing readout systems and hand pipetting can be 

used). All of the channels shared a common width and height of 0.5 and 0.25 mm, but 
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four different lengths were used to allow different sample quantities to be analyzed 

simultaneously.  The array was split up into four groups according to their length, 7.5, 

15, 30, and 60 mm. This arrangement is best described visually, which is re-printed 

from Yu et al. in Figure 14. The particular research of Yu et al. was in the growth of 

normal mouse mammary gland and primary mammary gland epithelial cells (NMuMG 

and MECs, respectively). The arrayed arrangement of micro-wells offered the 

opportunity to vary multiple factors in the growth of these cells for simultaneous 

evaluation. 

 The micro-well culture plate was made from polydimethylsiloxane (PDMS). 

The microchannels were formed with elastomeric micromolding methods; the plate, 

with formed microchannels, was bonded to a Petri dish (Figure 14c). The channels 

were coated with matrigel for culturing purposes. The filling layer shown in Figure 14 

allows for 96 channels to be filled in less than 10 seconds. As stated previously, the 

success of this development depends on the ability to utilize existing instrumentation. 

Using a standard plate reader to detect florescent particles, the detection performance 

of the microchannel plate was improved when compared to traditional culture well 

methods. This means that microchannel plates can provide high throughput assays. To 

conclude, it offered an advantage over traditional methods because of the increased 

ability to control the loading, distribution, and imaging of cells. 
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Figure 14: Microchannel array design with multiple geometries. (a) 60 mm channels in 
upper left, 30 mm in upper right, 15 mm in lower left, and 7.5 mm in lower right. (b) 

A temporary microfluidic-filling/sealing layer  (c) final device. [14] 
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3 Microchannel Device Design for Waste Heat Energy Conversion  

3.1 Introduction 

Energy conversion systems are common and integral to today’s world; they are 

used in everything from hydroelectric dams to automobiles. As our dependence on 

energy (e.g. electricity, transportation fuels, etc.) increases, and our consumption 

increases correspondingly, creative solutions to combat this dependence are necessary. 

Existing technology is challenged for better conversion efficiencies and new 

technology is being pursued to acquire energy from currently untapped resources. This 

discussion, will review two examples of microchannel technology that have been 

designed to optimize an energy conversion system.  

Both of the devices are used in systems that provide remote air-cooling solutions 

(e.g. cooling field-based military facilities). The system utilizes waste heat (e.g. diesel 

generator exhaust) as energy input for an organic Rankine cycle (ORC) that powers a 

cooling cycle capable of an estimated 5 kW of cooling capacity (ambient air). In any 

combustion process, most of the energy released in the combustion process is lost to 

the environment (>60% of the total available energy in the fuel for Otto cycles). The 

exhaust from a diesel engine, for example, contains about 30% of the combustion 

energy in the hot combustion products. This heat can be captured and converted to 

useful energy. Engine exhaust is considered mid-quality heat because of its 

temperature (on the order of 400 °C), but this is ideal for the working fluid of an 

organic Rankine cycle. The working fluid, R245fa (a refrigerant), is considered 
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organic because it contains carbon. These types of fluids typically operate at about 200 

°C [15], but can be efficiently utilized from approximately 80 to 370 °C [16].  

The first device that will be discussed is a microchannel heat exchanger used as a 

boiler for an ORC. A hot air stream (simulated engine exhaust) will provide the heat; 

the working fluid, R245fa, is boiled and the resulting expansion can be converted to 

mechanical work via the expander. The work output by the ORC is coupled to a 

cooling cycle (compressor, evaporator, and condenser). In the first example, the boiler 

and recuperator units are completely separate devices (see Figure 15). The 

microchannel boiler for this research project was designed and built, but not validated 

through testing due to complications with other system components. 

 

 

Figure 15: Waste heat recovery ORC diagram (simplified). Boiler and heat recuperator 
are separate, microchannel devices. 
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The second example basically uses the same ORC to produce work output, which 

is also coupled to a cooling cycle. However, the boiler and recuperator were designed 

as a single device utilizing microchannel architecture to make these two components 

more compact. The heat is delivered to the ORC via a secondary oil loop, which is 

shown in Figure 16. The exhaust from a diesel generator set is the heat source for the 

oil loop. The microchannel HEX has not been designed at this time so a commercially 

available oil heater was used to simulate the situation. The combined 

boiler/recuperator was designed by the Pacific Northwest National Laboratory 

(PNNL) and built by a secondary vendor. Difficulties during manufacturing prevented 

the device from being tested, but important lessons learned in the process will be 

discussed in section 3.3.  

 

 

Figure 16: Waste heat ORC diagram with combined boiler/recuperator and oil heater 
microchannel devices. 1) Heat recuperation section, 2) boiler section, and 3) super 

heating section. 
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3.2 Crossflow Microchannel Boiler for Waste-heat Power Generation 

The device is designed to use hot air (simulating hot combustion exhaust products) 

to boil R245fa for use in an ORC using a cross-flow, microchannel heat exchanger. 

The cross sectional area for the air-side of the boiler is predetermined by the upstream 

thermoelectric generator device geometry (not shown in Figure 15), which has a 

ducting area of 4 x 34.35 cm. Also, the boiler was designed to accept NPT fittings so 

that it can be integrated with the plumbing used throughout the ORC system and 

requires no post-processing (discussed in subsequent sections). The system setpoints 

were determined by EES thermodynamic modeling [16]; the requirements that pertain 

to the boiler are provided in Table 4. 

 

Table 4: Input variables from ORC modeling for microchannel boiler design. 

Parameter Value Units 

 39 g/s 

 53 g/s 

TAir,in 351 °C 

TR245fa,in 93.75 °C 

TR245fa,sat 114.2 °C 

TR245fa,out 128.6 °C 

PR245fa 1716 kPa 
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3.2.1 Dimensional Modeling – Calculations 

This section will discuss the steps that were used to calculate the channel 

dimensions used in the boiler design. The boiler was designed using basic energy 

balances through a log mean temperature difference (LMTD) approach. The 

calculations are based on a counter-flow heat exchanger and a correction factor “F” [5] 

was used to adjust the requirements for a cross-flow configuration. Special 

consideration must be taken because of the phase change required for R245fa. 

Basically, the boiler was modeled as three separate, inline heat exchangers: one to 

bring the working fluid (R245fa) to saturation temperature (114.2 °C; sub), a second 

to boil the working fluid (constant temperature, quality increases from 0 to 1; sat), and 

a third to superheat the vapor to the final temperature (128.6 °C, sup).  The LMTD 

calculation for a counter-flow heat exchanger is: 

(9) 

(10) 

 
(11) 

where “var” corresponds to the model sub-heat, saturation, or super-heat (see Figure 

17 for reference). 
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Next, an energy balance can be used to determine the temperatures of the air at 

the inlet and outlet, starting with the super-heat model because the inlet air 

temperature is known.  

(12) 

 (13) 

The inlet, saturation, and outlet temperatures for R245fa are known, therefore the 

enthalpies at these state points are also known. It should also be noted that the air 

temperature at the pinch point (see Figure 17, state point 2) is about 10 °C greater than 

the working fluid temperature. This provides a factor of safety ensuring that a 

sufficient temperature gradient is present to drive the heat exchange at this critical 

transition point. 

 

! 

Qvar = ˙ m R 245 fa (hR 245 fa,o " hR 245 fa,i)

Qvar = ˙ m airc p,air (Tair,o "Tair,i)
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Figure 17: Temperature diagram for boiler modeled as 3 separate heat exchangers: sub (heat R245fa to saturation temp), sat 
(isothermal; increase vapor quality from zero to one), and sup (super heat vapor).
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  Once the temperatures are known, the LMTD values for each model can be 

determined (!TLMTD,sub, !TLMTD,sat, and !TLMTD,sup). The quantity AHEX (total heat 

exchange area requirement) can be determined by using the LMTD values through the 

following relationship:  

! 

Qvar = F(UA)var"TLMTD,var

 

 (14) 

! 

AHEX =
(UA)sub + (UA)sat + (UA)sup

U
 (15) 

! 

Nuair =
hairDh

kair
 (16) 

! 

Uair = hair  (17) 

A conservative approach was used by estimating the overall heat transfer coefficient 

(U) as directly equal to the heat transfer coefficient (h) in the Nusselt equation. The 

Nusselt number was estimated to be 4.44 [5]. 

 As stated previously, the cross-sectional area of the air stream has been pre-

determined by the upstream heat exchanger device; the required height of 40 mm can 

be achieved with a stack of 50 laminae (0.8 mm thick). A channel height of 0.5 mm 

was chosen for both fluid channels to minimize the pressure drop across the device. If 

the pressure drop in the air channels is too large, the engine’s (the theoretical heat 

source) backpressure will increase and negatively impact its efficiency. Boiling effects 

must be considered in the R245fa microchannel design; the channel must be 
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sufficiently large so that the flow is not impeded by the vapor (to prevent vapor-lock). 

The following table summarizes the dimensions determined through the LMTD heat 

exchanger calculations: 

 

Table 5: Summary of heat exchanger calculation results for microchannel boiler. 

Parameter Value Units 

inlet 351 °C 

supo 324.2 °C 

sato 168.9 °C T a
ir 

subo 124.6 °C 

supo 128.6 °C 

sato 114.2 °C 

T R
24

5f
a 

subi 93.75 °C 

 Qheat 9.184 kW 

 AHEX 780.5 mm2 

 Hch 0.5 mm 

 Wch 2.3 mm 

 Lch,R245fa 343.5 mm 

 Lch,air 45.5 mm 

 Dh,header 66 mm 

 Dh,R245fa 1 mm 

 Shim Thickness 0.8 mm 

 Number of shims 50  

 Number of R245fa channels 14  

 Number of Air channels 100  
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3.2.2 Laminae Design 

Due to the nature of the working fluid (TBoil = 8 °C at 1 atm), the ORC is 

maintained at a pressure such that R245fa will boil relative to the hot air stream 

temperature (Table 4). Stainless steel was chosen as the material for the boiler because 

of its strength (high pressure system), high temperature tolerance, and the availability 

of mature microchannel manufacturing processes for stainless steel. The boiler 

consists of a stack of chemically etched, stainless steel laminae that were diffusion 

brazed to form a contiguous device with integrated microchannels. A finished device 

consists of a bottom plate (simple flat lamina that shares a common outer geometry), 

alternating R245fa and air laminae, and a top cover. A hermetic seal surrounds the 

R245fa laminae while the air laminae consist of straight, through channels open to the 

surroundings.  

An integrated fitting method eliminates the need for any post-bonding 

processing, and in particular, it avoids any need to weld additional components (e.g., 

headers) on the bonded stack. Welding and other heat-intensive treatments that are 

performed on a diffusion-bonded stack of metal laminae can be disastrous for the 

device. Diffusion bonding occurs when a stack of laminae is held together under 

applied pressure and heat in a vacuum environment. Atoms from each laminae diffuse 

between the layers to create a bond; higher temperature and pressure increase the 

diffusion rate. Post-diffusion brazing procedures that involve high amounts of 

localized heating (e.g., welding and electro discharge machining) can cause the 
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bonded layers to separate and form pinhole leaks. Therefore all post-bonding 

procedures using localized heat should be avoided. The top plate was designed with 

sufficient thickness so that the NPT holes and threads could be machined into the plate 

prior to assembly (inlet = !” NPT; outlet = "” NPT) to avoid any post-bonding 

procedures. R245fa headers were also integrated into the laminae designs. Figures 18, 

19, and 20 outline these designs.  

 

 

Figure 18: Microchannel boiler with integrated NPT and hot air ducting relief. 
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Figure 19: Microchannel boiler, magnified to show air channel openings. 

 

 
Figure 20: As pictured, hot air flows from bottom to top in laminae (a); R245fa flows 

from left to right in laminae (b). 
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Figure 21: Magnified images of the header region for the R245fa laminae (a) and Air 
laminae (b). 

 

 The figures above demonstrate the boiler design and visually explain the layout 

of the boiler. As described previously, the R245fa header is integrated into the design 

and this design is shown in Figure 21. The geometry was designed to ensure uniform 

flow distribution incoming tubing to the boiler laminae. In general, the hydraulic 

diameter of the header should be at least ten times larger than the hydraulic diameter 

of the channels that feed from it. The following relationships ensure adequate header 

sizing. Hydraulic diameter can be calculated as 

! 

Dh =
4A
P

 (18) 

Variables A and P correspond to the area and wetted perimeter of a given channel. The 

quasi-triangular area and perimeter, as determined by SolidWorks, are 2370 mm2 and 

143.6 mm respectively. The hydraulic diameter of the header is 66 mm2 and 1 mm2 for 
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the microchannels (sum of all 14 channels that are 2.3 x 0.5 mm). Therefore, the ratio 

is about 66:1 and it is safe to assume the flow will be uniformly distributed throughout 

all laminae. Each of the R245fa channels were designed to be identical, so it can also 

be assumed that the flow will be uniformly distributed within each shim. 

 The design also incorporates some important features to ensure all critical 

surfaces are bonded successfully. This is especially important for the R245fa flow 

paths because any leaks would render the device useless and would be nearly 

impossible to fix. In Figure 21, small bonding features (fingers) can be seen at both 

ends of the R245fa and air channels. The fingers are designed to translate pressure 

forces during bonding and ensure a hermetic seal. Unsupported spans should be less 

than ten times the height (i.e. 10:1 ratio of channel width to height) to guarantee the 

pressure forces will be distributed for sufficient bonding between laminae. All channel 

openings for the boiler, because of the fingers, maintain a 2:1 ratio. The fingers are 0.5 

x 3 mm thereby providing a sealing surface the entire length of all four sides of the 

device (3 mm deep). 

 

 3.2.3 Fabrication 

 The chemical etching and diffusion bonding processes were both outsourced to 

Vacuum Press Engineering, Inc. (VPE). The details of their process are proprietary 

and were not shared, but the basic steps will be discussed here. VPE used the 
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SolidWorks model shown in Figure 20 to produce the channel geometry for each 

lamina. The model shown in Figure 18 was used to produce complete assembly. First, 

the microchannel geometry was chemically etched into the stainless steel stock 

material. 

 Chemical etching is a two-part process, masking and etching, and each has 

multiple embedded steps. A “mask” is a stencil type tool with geometry based on the 

laminae design and is used to place a sacrificial layer (resist) on top of the stainless 

steel stock material. The mask is actually the inverse of the designed architecture (the 

mask covers locations that will be later etched) and is typically made from traditional 

machining methods (e.g. electro discharge machining). In places where there is no 

resist, where the stock material is exposed, the material will be etched to a certain 

depth. This is why the mask is an inverse of the laminae design; it allows the resist to 

be placed where the full laminae thickness is needed (e.g. channel walls, fingers). 

 The next step, after the resist has been placed on the stock material, is to 

perform the actual etching process. Etching is done from both sides of the laminae, 

each side requiring a separate mask/resist pattern. On one side, the laminae headers, 

perimeter, and channels are blind etched (0.5 mm depth) into the stock material. The 

headers and perimeter are etched (0.3 mm depth) on the opposite side; the etched 

header and perimeter areas will meet to create through-holes in the laminae. Etching 

from both sides helps maintain a tight dimensional tolerance during fabrication (it is 

also faster and cheaper).  
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 Top and bottom covers enclose the microchannels, provide sealing surfaces for 

the header regions, and serve as a means to duct the air into the air channels (see 

Figure 18). The integrated fitting method (NPT) requires a !” thick top plate to ensure 

adequate thread engagement. The middle section of the top plate was milled out after 

diffusion bonding to reduce the physical and thermal mass of the device.  

 Finally, all the etched laminae and top and bottom covers were electroplated 

with a thin brazing layer (e.g., nickel phosphorous) and were diffusion brazed 

together. During the etching process, recognition features are designed into the mask 

so that the laminae are properly aligned to one another in the stack.  

Heat and pressure (compression) force are applied to the stack inside of a 

vacuum chamber until all adjoining laminae surfaces are sufficiently bonded. After the 

completed device was received, a static pressure test was performed to verify the 

device had no leaks in the R245fa laminae. The test was performed by plugging the 

outlet of the R245fa side and applying pressure to the inlet side; pressure was 

maintained (no loss) in the device for several hours. Unfortunately, issues with other 

components in the ORC have prevented a thermal performance evaluation by the time 

of this thesis. The integrated fitting method (NPT) was proven to be successful, which 

is a critical step forward for microchannel device applications, as will be discussed in 

the following section. 
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3.3 Boiler-recuperator for Heat Recovery (Multi Function; PNNL design) 

 3.3.1 Design (Overview) 

 This device was designed by PNNL for an ORC that is also used to convert 

waste heat to power and drive a cooling cycle. The differences between the ORCs can 

be seen in the diagrams shown in Figure 15 and Figure 16. The component designed 

and built by the PNNL combines the boiler and heat recuperation functions into a 

single, microchannel device that also uses R245fa as the working fluid. Differences 

from the previously discussed ORC can be found in the primary setpoints: the 

assumed inlet temperature was 68.8 °C (vs. 93.75 °C), outlet temperature was 190 °C 

(vs. 125 °C), and the system pressure was 2750 kPa (vs. 1716 kPa). Also, a secondary 

HEX (external to the ORC) transfers the electrical-resistance derived heat to a 

Paratherm® NF heating oil circuit. That is then used in the boiler section of the device 

(vs. directly transferring the heat to the working fluid), which is shown in Figure 16 

and Figure 22.  

 The heat exchange calculations were performed using the LMTD method 

(same as the preceding boiler discussion), but an extra step must be considered for the 

recuperation section. Four sections are considered in the calculations (vs. three): heat 

recuperator, sub, sat, and sup heat exchangers. The following figure and table outline 

the specific values of the combined boiler-recuperator.  
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Figure 22: Combined Boiler-Recuperator designed by PNNL. See Table 6 for 

corresponding temperature values. 

 

Table 6: State points for the combined Boiler-Recuperator. 

State T (°C) P (kPa) 

! 

˙ m  kg
s( )   

1 68.8 

2 (sub) 120 
2a (sat) 138.7 

3 (sup) 190 

2750 3 NA 

Oil inlet 220 

Oil outlet 182.7 
NA 6 10.14 

Low pressure vapor in 153.8 

Low pressure vapor out 82.5 
575.2 3 4.16 
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Figure 23: Generic Boiler-Recuperator laminae design (PNNL). Two unique lamina designs, one for boiler and recuperator 
functions (a) and another for the high-pressure working fluid (b). A spacer shim (not shown) was also part of the final stack 
and was used to effectively increase the channel depth in the boiler region to prevent vapor lock. White areas correspond to 

through-etches and light grey correspond to blind etches. Circular holes represent oil headers (boiler), hexagon holes represent 
low-pressure vapor headers (recuperator), and square holes represent high-pressure headers (working fluid).
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 The stack consists of 86 stainless steel laminae (43 boiler-recuperator with 

spacer, 43 working fluid) that are chemically etched and transient liquid interface 

diffusion (TLID) bonded. TLID is similar to diffusion bonding, except that there is a 

thin layer of a secondary metal (nickel phosphorous) that is used to braze the adjoining 

laminae. This allows for bonding to occur at lower temperatures. The following table 

is a summary of the channel dimensions. A spacer is included with each boiler-

recuperator laminae that effectively increases the channel height in the boiler section. 

 

Table 7: Combined Boiler-Recuperator channel dimensions (mm) 

Location Tlaminae W H L  

Assembled Device  107 76 343 

High Pressure Recuperator 0.635* 1.27 0.127 152.4 

High Pressure Boiler 0.635* 1.27 0.381** 95.25 

Oil 0.508 1.27 0.254 95.25 
Low Pressure Recuperator 0.508 1.27 0.254 152.4 
*High pressure boiler laminae thickness = 0.381 + 0.254 
 ** Boiler etch depth = 0.127 mm + 0.254 mm spacer 

 

 The laminae design generated by PNNL incorporates a unique header system. 

Each lamina has an identical pattern of through-holes (at each end and towards the 

middle) that act as internal headers to connect the external flow to specific laminae 

within the device. The pattern exists on all laminae, but each header only allows flow 

to enter specific layers. Top and bottom covers allow flow to enter the device from top 
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or bottom while still preserving isolated flow paths; the top cover will provide access 

to one group of headers while the bottom cover provides access to the remaining. The 

concept is novel and in theory, is ideal for this type of application (for plumbing 

reasons). However, it also requires a post-bonding step to weld the headers (see Figure 

22) and this proved to be catastrophic for the device. High thermal gradients generated 

during welding caused the laminae to separate (TLID failure), which ultimately lead to 

internal and external leakage throughout the device. At the time of this thesis, a 

temporary solution has been proposed and a new device is being manufactured. The 

new device will use an o-ring sealing method that does not require any post-bonding 

welding treatments. A similar type of sealing method is discussed in the following 

discussion (water pasteurizer adapter plates). 
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4 Multi-Function Microchannel Water Pasteurizer 

4.1 Introduction 

The device that is discussed here is a microchannel water pasteurizer that was 

designed by individual contributions from a team of individuals, including major 

contributions by the author (laminae design, fabrication, and testing). Pasteurization is 

a process used to destroy bacteria by means of temperature and time. In effect, the 

molecular structures of the bacteria become denatured due to the heat; thereby 

rendering them inactive. Filters inline with the pasteurizer, act as a system to provide 

pure water that is safe for human ingestion. 

Water is a substance vital to sustaining biological life – organic cells consist 

primarily of water. Clean water (safe for consumption) is something that is a necessity 

but is not readily available in many parts of the world; therefore, technology to create 

purified water is extremely important. A device that is capable of pasteurizing water 

with a minimal power requirement could be a valuable tool for these parts of the 

world.  

 Water is also commonly used as a basis for any number of medical procedures – 

hemodialysis is a large market that relies on pasteurized water for the fundamental 

operation of dialyzing technology. In a healthy and well functioning person, their 

kidneys are capable of removing toxins and waste products from the blood. 

Individuals who are suffering from kidney failure rely on dialysis to clean their blood 

of harmful toxins.  
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The dialysis process relies on a concentration gradient across a semi-permeable 

membrane (SPM) to remove unwanted substances from (or add nutrients to) the 

patient’s blood stream. This is accomplished with a device called a dialyzer, which is 

shown in Figure 24. Two streams pass through the device – blood and dialysate. 

Dialysate is separated from the blood by the SPM and the waste products are drawn 

across the membrane from the blood and into the dialysate due to a concentration 

gradient. The dialysate is composed of various components, but the basis of this 

solution is water. The purity of the water, as previously mentioned, is inherent to the 

performance of the dialysis process. The primary goal of the dialyzer is to remove 

toxins from the blood stream and if the water is not pure, the device can potentially 

add toxins to the blood stream.  

 

 

Figure 24: Dialyzer flow diagram; waste is removed from blood stream, electrolytes 
and other nutrients are added to blood. 

 

For the dialysis market, it is highly desirable (perhaps even critical) to produce 

water that meets infusible purity levels per the Association for the Advancement of 

Medical Instrumentation (AAMI) standards at the site dialysate is needed. The Ultra 
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High Temperature (UHT; see Table 8) standard may achieve this level of purity. The 

objective of the research discussed here is to complete a bench-top demonstration of a 

UHT water pasteurization system for a variety of purposes including dialysis. The key 

innovative aspect of this work is to purify and pasteurize tap water using a 

microchannel heat exchanger. This demonstration will lead to a product that will be 

smaller, lighter, and more energy efficient than other water pasteurization systems 

currently available.  

 

Table 8: Levels of pasteurization arranged according to increasing temperature 

Pasteurization Type T (°C) Time (s) 

Vat Pasteurization 63 1800 

High Temperature Short Time (HTST) 72 15 

Higher-Heat Shorter Time (HHST) 90 0.5 

Higher-Heat Shorter Time (HHST) 94 0.1 

Higher-Heat Shorter Time (HHST) 96 0.05 

Higher-Heat Shorter Time (HHST) 100 0.01 

Ultra High Temperature (UHT) 138 2 

 

Since a compact, lightweight, and portable system is critical for success, it is 

desirable to design the water treatment device as a compact unit using microchannel 

technology. It will operate as a multi-functional, arrayed microchannel device such 

that the heat exchanger (HEX) section, heater section, and residence chamber will all 

be integrated into one device. The final design uses a bayonet style heat exchanger 
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approach where the water enters and exits the device at the same end, while the 

heating and residence operations occur at the opposite end of the device.  

A counter-flow heat exchanger allows the outgoing water stream (which has been 

heated to the pasteurization temperature) to exchange thermal energy with the 

incoming water stream (which is in the process of increasing its temperature to the 

requisite pasteurization temperature). Thus, energy savings in terms of re-using 90% 

of the thermal energy in the out-going water stream results in a very efficient device.  

Microchannel devices offer advantages in this application because they can 

accomplish the same thermal performance of conventional heat exchangers while 

reducing the overall volume of the final device. In general, microchannel heat 

exchangers maximize the convective heat transfer between hot and cold flows thereby 

minimizing their overall size. 

 

 

Figure 25: Flow diagram for a bayonet style pasteurizer. 
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4.2 Design 

The pasteurizer design is based on a few known variables, which are provided in 

Table 9. It consists of a stack of chemically etched stainless steel (316L) laminae that 

have been diffusion bonded into a hermetically sealed, contiguous device. Stainless 

steel is commonly used for medical applications, especially 316L grade, because of its 

resistance to corrosion, thermal conductivity, its ability to handle high temperatures, 

and its ease of sterilization. Structural stability is also important in this application 

because the system pressure is kept above 475.7 kPa (Psat at 150 °C) to prevent boiling 

within the pasteurizer. Lastly, the design incorporates an o-ring attachment plate so 

that no post-bonding modifications are necessary. The final device is designed to 

achieve UHT requirements while maximizing efficiency and minimizing overall size. 

To meet requirements for compactness, the heat exchanger volume should be on the 

order of a few cubic inches. 

 

Table 9: Input parameters for pasteurizer design. 

Parameter Value Units 
Flow Rate 100 mL/min 

Inlet Temp 20 °C 
Outlet Temp 37 °C 

Effectiveness (!) 0.9  
Pressure 476 kPa 

150 °C 
Pasteurization 

2 Seconds 
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 4.2.1 Dimensional Modeling - Calculations 

 The pasteurizer consists of 3 unique sections: counterflow heat exchanger, 

heating, and residence chamber. Dimensions for the heat exchanger channels were 

arrived at through the following calculations, and then applied to the architectural 

design of the laminae themselves. The procedure to determine the dimensional 

requirements is similar to the preceding boiler discussion in that regard. In this case, 

however, only three of the four temperatures are known; the temperature of the water 

entering the heater section is unknown. For situations such as this, the effectiveness-

NTU method can be utilized to determine the unknown temperatures and then the 

LMTD method can be used to determine the required heat exchange area.  

 

 

Figure 26: Pasteurizer counter-flow heat exchanger, as modeled. 
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An assumed effectiveness is used in the NTU method to relate the actual heat 

transfer to a theoretical maximum heat transfer through the following relationship: 

(19) 

! 

" =
Q
Qmax

Qmax = Cmin (Th,i #Tc,i)  (20) 

where ! is the heat exchanger effectiveness (assumed to be 0.9 [5]), Q is the actual 

heat transfer, Qmax is the maximum possible heat exchange, Cmin is the smallest heat 

capacity factor for the system, and the T values correspond to the highest and lowest 

temperatures in the heat exchanger (150 °C and 25 °C respectively). Determining the 

cold stream exit temperature again requires the use of the effectiveness value: 

(21) 

 (22) 

  All temperatures in the heat exchanger are known (see Figure 27) so 

the LMTD method can be used to calculate the required heat exchange area (AHEX). 

(23) 

 
(24) 

The Reynolds number for the flow in any given channel is approximately 18 

(based on the values found in Table 11), which is low enough to assume laminar flow. 

The Nusselt number (Nu), which is a ratio of convective and conductive heat transfer 
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across a boundary layer, can be used to determine the heat transfer coefficient (h). A 

conservative estimate of 4 was assumed for Nu, based on channel geometry [5]. 

! 

Nu =
hDh

k
 (25) 

! 

Dh =
2HW
H +W

 

(26) 

where H and W refer to the channel height and width, respectively. The hydraulic 

diameter (Dh) for a high aspect ratio, rectangular channel can be approximated as: 

 (27) 

The overall heat transfer coefficient (U) can then be determined. This value is 

based on the convective heat transfer coefficients of the cold and hot fluid and the 

conductive resistance of the metal laminae. However, the metal has a high thermal 

conductivity and a small thickness leading to a very low contribution to the overall 

heat transfer coefficient and can thus be ignored in these calculations. For the 

pasteurizer then, both fluids are the same so the following conclusion can be drawn. 

 (28) 

AHEX can be calculated and the sum of all the microchannels is based on this 

value as follows 

(29) 

! 

AHEX =
DhQHEX

2k"TLMTD

AHEX = Sno(ChnoW )    (30) 
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Sno is the number of laminae used in the stack and Chno is the number of channels per 

laminae. Lastly, the heater power requirement can be determined by taking the 

difference of the max heat transfer (Qmax) and the HEX heat transfer (QHEX), assuming 

no heat loss to the surroundings.  

 

 

Figure 27: Summary of calculated temperatures by location. 

 

It should also be noted here that the LMTD method neglects axial conduction 

(heat transfer within the wall that is parallel to the flow direction). A non-dimensional 

conduction parameter (!), which is dependent on the thermal conductivity of the wall 

material (kwall), fluid heat capacity (cp), volumetric flow rate (

! 

˙ V ), wall cross sectional 

area (Awall), and channel length (L), can be used to compare the relative importance of 

conduction to the energy in the fluid [17]: 

! 

" =
kwall Awall

# f
˙ V cpL  

(31) 
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Based on the work of Maranzana et al., axial conduction can be neglected when the 

conduction parameter value is less than 10-2. Calculating the conduction parameter for 

two channels based on the design results and the properties of the water and stainless 

steel (wall material) it is shown that this value is on the order of 10-3; therefore, 

neglecting the axial conduction is acceptable. 

 

 4.2.2 Laminae Design  

 With a 16 cm3 HEX design guideline in mind, each lamina was designed with 

a linear HEX section that contained seven, straight, 2.5 mm wide channels. The 

laminae thickness (t = 0.393 mm) was chosen because the material (316L) is readily 

available in this size, is very thin (low thermal resistance), and minimizes any risk of 

failures during diffusion bonding. These two parameters (W = 2.5 and t = 0.393 mm) 

were held constant while the channel depth was varied in a parametric study. 

Reducing the channel depth (hydraulic diameter has a strong dependence on 

channel height) and shim thickness enhances the heat transfer between inlet and outlet 

flows thereby reducing AHEX. The model was solved parametrically and Table 10 

outlines the optimization. These results indicate that the 16 cm3 guideline is easily met 

when the channel height is 0.3 mm or less. However, geometry at either end of the 
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linear HEX section will be needed to ensure uniform flow throughout the device so a 

channel depth of 0.175 mm was chosen. This results in a linear HEX section length of 

15 mm; but additional heat exchange area will be realized in the flow spreading 

geometry so the total length will correspond more closely to the guideline.  

 

Table 10: Results from parametric study of channel height (H); all units in mm.  

H Dh Length 

0.175 0.327 15 

0.200 0.370 17 

0.250 0.455 21 

0.300 0.536 25 

0.350 0.614 29 

0.400 0.690 32 
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Table 11: Dimensional results for counter-flow HEX using NTU and LMTD methods. 

Parameter Value Unit  Parameter Value Unit 

! 0.9   Nu 4  

m 1.67 

! 

g
s   Dh 0.33 mm 

Th,i 150 °C  U 4121  

Th,o 37.5 °C  k 0.674  

Tc,i 25 °C  AHEX 0.015 m2 

Tc,o 137.5 °C  W 2.5 mm 

"TLMTD 12.5 °C  H 0.175 mm 

Cc,i 4182   L 15 mm 

Qmax 876.9 W  t 0.393 mm 

QHEX 785.7 W  Chno 7  

Qheater 89.4 W  Sno 58  

  

All of the calculations rely on the assumption that the flow is evenly 

distributed amongst the laminae and channels. Therefore, flow distribution within the 

device is critical to its performance and there were a number of designs implemented 

to prevent flow maldistribution. Heating and residence sections, where the 

pasteurization temperature and residence time are achieved respectively, are also of 

critical importance. The designed laminae architecture is provided in Figure 30. 

Details of each region (i.e., Header, Linear HEX, Heater, and Residence Chamber 

sections) will be provided in the succeeding sub-sections. The fully assembled device 

consists of a stack of alternating (inlet, outlet) layers and a top and bottom cover 

(Figure 29). 
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Figure 28: Water pasteurizer laminae design for (a) inlet laminae, (b) outlet laminae, 

and (c) overlay of inlet and outlet laminae with labeled regions. 

 

 

Figure 29: Fully assembled pasteurizer (model image). 
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i. Header Region 

 

 
Figure 30: Header Region Design 

 

The header region was designed to ensure that the flow disperses evenly 

between all laminae and within each lamina. This was accomplished with two unique 

design features. First, the header ports and channels were designed to follow the 10:1 

hydraulic diameter ratio to ensure uniform flow distribution to all laminae. The header 

port maintains the inner diameter of the !” tubing that is used for the test bench (of 

which Dh = 4.8 mm). The header channels are 2 mm wide (0.175 mm depth), which 

corresponds to Dh = 0.321 mm and actually results in a 15:1 ratio. A small bonding 

feature, or “finger,” is designed in the header channel at the port header to ensure 

complete bonding through the unsupported span created at the through-etch. 

Second, as the flow leaves the inlet header channel it encounters the curved 

flow separation fins. These fins force the flow to distribute evenly across the width of 

the HEX section. The regions before and after the flow separation fins were kept open 

(swept) for the pressure to equalize and further guarantee uniform flow entering the 
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linear HEX. The flow separation fins also provide a means for pressure distribution 

during bonding and prevent deformation of the thin material in the fluid flow regions. 

 

ii. Linear HEX Region 

The design of the linear HEX region is a direct result of the calculations 

provided in the preceding section. It consists of seven, straight, microchannels 2.5 mm 

wide and 0.175 mm deep. The fins separating each channel are 0.417 mm wide; they 

provide a mechanism to improve heat transfer and distribution of forces during 

fabrication to ensure adequate bonding between layers. The overall (wetted) 

dimensions of heat exchange in the linear HEX region are 17.5 x 15 mm (W x L). The 

transition region between the linear HEX and the heater regions contains a pin array. 

The intent of these features is to increase the opportunity for flow mixing and for force 

translation during bonding. 

 

 
Figure 31: Linear Heat Exchanger 
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iii. Heater Region 

 

 
Figure 32: Heater section for inlet laminae (a) and outlet laminae (b). 

 

 The heater section design required some level of creativity; it is critical that the 

water is evenly heated to the pasteurization temperature, and does not boil (no flow 

stagnation or hot spots). Early in the design process it was decided that an array of 

small cartridge heaters would provide the best solution to uniformly heat the flow to 

the required temperatures. The final design includes two banks of three, !” cartridge 

heaters (smallest commercially available) and the flow channels that surround them 

have been optimized to make the most of the fluid’s interaction with the heaters.  

After the flow leaves the pin array of the HEX section, the flow bifurcates into 

the heater sections. Then, the flow mixes between all layers (inlet and outlet laminae) 

at through-etches that border the entry to the heater sections (indicated on Figure 32). 

Utilizing both inlet and outlet laminae for the heating section maximizes the amount of 
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surface area that the fluid can interact with the heaters and therefore the heat transfer 

to the water is optimized.  

Next, the flow paths bifurcate yet again and weave around the perimeter of the 

heaters to further maximize the surface area of interaction between the heaters and the 

fluid. The channel width was kept small to ensure adequate heat distribution across the 

four channels within the heater section. This configuration also allows the flow to 

return from the residence chamber through the center of the device (see subsequent 

section). The web of material between the heaters is used to prevent local boiling due 

to stagnant flow that may occur if the fluid was allowed to mix between heaters. Each 

cartridge heater has the capability to provide enough power as an individual heater, 

but the device was designed to use multiple heaters to ensure uniform heating.  

Lastly, the flow exits the heater section into an open volume that acts as the 

residence chamber where the required residence time (2 seconds) is achieved. Both 

ends of the heater section have through-etches where inter-shim mixing occurs. These 

areas include fingers that distribute bonding forces and ensure an adequate seal. 
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iv. Residence Chamber 

 

 

Figure 33: Residence chamber detail with arrows to indicate flow path. 

 

Based on the required flow rate (100 mL/min), a residence time of two 

seconds, and the density of water at 150 °C, the volume required for the residence 

chambers may be calculated and used to determine the dimensions of these chambers. 

  (32) 

This gives a volume of 3647 mm3 for this application. The chamber height and width 

are controlled by the heat transfer calculations and flow geometry, but the channel 

length can be adjusted to achieve the necessary volume (L = 10 mm to achieve 2 

second residence time). Partitions were included in the chamber design to produce a 

serpentine flow path and help ensure proper residence time and mixing of the fluid 

(uniform temperature). An interim CFD model that did not include the serpentine path 

demonstrated that this design is necessary to achieve a 2-second residence time.   



 73 

The flow unifies at the center of the device, after the serpentine path, and 

separates again into the outlet laminae. The fluid travels through the center of the 

device as a means to insulate it, thus ensuring adequate residence time and fluid 

temperature entering the HEX section (minimize heat loss). The flow then enters a 

section of flow separating fins similar in design to those found at the inlet header 

section (including a swept region for flow equalization). 

 After the flow separating fins, the fluid then enters the linear HEX section of 

the outlet laminae where it transfers thermal energy to the incoming fluid in the 

adjacent layers. Finally, the fluid enters into the outlet header section, which is an 

identical mirror of the inlet header, and leaves the device. The HEX was designed with 

a 90% effectiveness such that the fluid leaves the device at slightly above 37 °C.  

 

v. Fitting and Thermocouple Adapter Plates 

 The bonded stack of laminae, as received from the vendor, has openings in the 

top cover that align with the header ports (Figure 30). It also has through-holes in the 

heater section (cartridge heaters) and at locations around the periphery of the device. 

These accessory holes were designed into the device so that attachment plates (i.e. 

fitting adapter plate and thermocouple plate) could be easily connected to the 

pasteurizer. The attachment plate’s bolt-hole pattern aligns with the accessory holes in 

the device (Figure 29). 
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Figure 34: Fitting Adapter Plate assembly; (1) Adapter plate, (2) Brazed on Swagelok 

fittings, (3) O-ring groove, (4) threaded bolt-holes. 

 

 

Figure 35: Fitting adapter plate cross-section; (1) adapter plate, (2) Brazed on 
Swagelok fittings, and (3) compressed o-ring. 

 

 
Figure 36: Thermocouple Adapter Plate (3 o-ring grooves can be in center locations). 
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Figure 37: Thermocouple adapter plate cross-section; (1) adapter plate, (2) compressed 

o-ring, and (3) thermocouple. 

 

 The fitting adapter plate was designed so that the !” tubing used throughout 

the test bench could be easily attached to the pasteurizer. Welding fittings directly to 

the pasteurizer was not considered as an option due to the inherent risk in performing a 

high heat flux operation to the bonded device, as previously discussed. The o-ring 

method employed here allows for a simple and effective method of attaching external 

plumbing to a diffusion bonded microchannel device, assuming the operating 

conditions (e.g., temperature) of the device are within the o-ring material constraints. 

 The fitting adapter plate and thermocouple adapter plate employ the same o-

ring sealing method. Each plate has recessed pockets around the openings where the o-

ring is situated. Screws that pass through the device and thread into the plate (as 

shown in Figure 29) are used to connect the plate to the pasteurizer; 25% o-ring 

compression provides the necessary sealing. 
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A unique approach was used for the thermocouple attachment plate because 

the thermocouples extend into the fluid flow. Figure 34 andFigure 36 show the 

different designs for the o-ring groove in the adapter plates. The thermocouple adapter 

plate has no inner groove. Instead, the inner surface of the o-ring seals against the 

thermocouple sheath. Three temperature measurement locations were chosen within 

the residence chamber: one at the exit of each heater section and one in the return path 

(center of the device). 

 

4.2.3 Computational Modeling 

 Before the device was manufactured, the design was evaluated for performance 

with a commercially available computational fluid dynamics (CFD) software package. 

The laminae models were imported into Gambit (ANSYS, Inc.) from SolidWorks and 

the mesh was generated from this. Fluent 6.3 (ANSYS, Inc.) was used to analyze the 

water flow and heat transfer in a stack of two laminae. The model was constructed 

with an adiabatic boundary. Cartridge heater specifications indicate a heat flux of 70 

kW/m2; this was used to determine the heat flux over two laminae (2.34 W total). 

Flow rate of the water was also adjusted to 5.5E-5 kg/s at the inlet header port. 

Viscosity was varied as a function of temperature in the model. 

 The mesh (Figure 38 -Figure 41) consists of 5.75 million structured and 

unstructured cells. Structured cells were used wherever possible, especially along 

wetted walls, to resolve gradients as accurately as possible. Unstructured cells were 
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used in areas of complex geometry and in the solid regions to reduce the total number 

of cells required (see Figure 38). To ensure that the boundary condition at the inlet and 

outlet do not create unrealistic fluid flow conditions within the device, the fully 

meshed model includes headers (see Figure 39). The total amount of time to resolve 

the model with adequate convergence of the residuals is about 5 hours.  

 

 
Figure 38: Meshing example (header region); unstructured mesh can be seen in 
complex and solid areas, structured mesh can be seen in less complex geometry. 

 



 78 

 
Figure 39: ISO view of mesh. Header inlet/outlet structures were used in CFD model 

to more accurately simulate reality. 

 

 
Figure 40: ISO view of mesh extrusion. 
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Figure 41: Meshing of residence chamber. Notice structured cells at critical walls of 

residence chamber. 

 

 The most important take-away from these CFD results is the symmetry and 

uniformity of the temperature and velocity distributions. The quality of the design is 

validated in the plots shown in Figure 42 andFigure 43. In addition to the temperature 

and flow distribution verifications, the CFD model was used to validate the design of 

the residence chamber. Streamlines were used to measure the amount of time elapsed 

for the flow to travel from the exit of the heater section to the inlet of the outlet linear 

HEX section. All streamlines indicated that the 2-second requirement is met (and 

somewhat exceeded).  
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Figure 42: Local plots demonstrate symmetric velocity distribution (m/s). 

 

 
Figure 43: Contour plots for (a) temperature and (b) velocity). 
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4.3 Pasteurizer Testing 

 4.3.1 Fabrication 

 Chemical etching and diffusion bonding were used to fabricate the pasteurizer 

from the design discussed in the preceding discussion. VACCO Industries completed 

the fabrication (etching and bonding) of the device. The chemical etching process was 

the same as that used to fabricate the microchannel boiler discussed in section 2.2.1, 

however diffusion bonding was used rather than diffusion brazing. Diffusion bonding 

is the same fundamental process as diffusion brazing (applied pressure and 

temperature in a vacuum chamber), but the layers do not use a brazing layer to bond 

the individual layers together. Instead, the atoms of the each layer diffuse between the 

laminae to form a contiguous piece.  

 The CFD-verified design shown in Figure 28 was submitted to VACCO for 

fabrication and four devices were built. Two of the devices were built so that they 

could be cross-sectioned to verify the internal structures and the quality of bonding 

throughout the device (discussed in the next section). Another device was used for 

demonstration purposes; it underwent an EDM procedure for aesthetics, which caused 

leaks and further validated the need to avoid post-bonding high heat inducing 

procedures. The fourth device was used for thermal and biological testing (section 

4.3.4). 

 Although the designed channel height was specified at 0.175 mm, VACCO 

took the initiative to change this dimension to half the shim thickness (H ! 0.197 mm). 
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This allowed them to perform the chemical etching in one step by etching from both 

sides at a constant rate to produce through- and blind-etches simultaneously. The heat 

exchanger calculations were minimally affected by this change (L = 17 vs. 15 mm). 

 

4.3.2 Inspection and Measurement 

Electro-discharge machining was used to cross-section two of the devices to 

reveal the inner structures that would otherwise not be viewable. One device was 

sectioned lengthwise to reveal critical areas: the through-etch at the entrance to the 

heater section, the entrance and exit of the residence chamber, and along the narrow 

areas adjacent to the heater holes. Photos of the sectioned device show that the 

architecture provides adequate material for force translation during the bonding 

process; the material is contiguous throughout the stack (see Figure 44 -Figure 46). 

 Another device was sectioned to evaluate the residence chamber (Figure 47) 

and, if needed, to perform leak testing. This test was established to determine if fluid 

can pass through the device without being pasteurized (i.e., shortcuts).  Biological 

testing verified the performance of the pasteurizer so it was determined that the leak 

test would not be needed. However, the proposed method is documented here for 

future reference. The inlet and outlet laminae need to be isolated from one another to 

perform the test. This was accomplished by cutting (EDM) the end of the device off at 

the residence chamber. The device could then be partially submerged in an epoxy and 

cured. Either the inlet or outlet laminae would be filled with air or water, brought up to 
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operating pressure, and monitored for leaks. Figure 48 visually verifies the channel 

openings at the end of the heater section and that sufficient bonding is achieved to 

prevent any inlet-outlet communication at this location. Channel dimensions were 

measured using an un-bonded lamina and the results are provided in Figure 49. 

 

 

Figure 44: Cross-sectioned device to evaluate inner structure of fully bonded device. 
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Figure 45: Inlet header channel, header port, and linear HEX channel cross sections. 

 

Figure 46: Heater and residence section. Serpentine fingers bent during EDM 
processing. 
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Figure 47: Cut end of communication testing device. Serpentine fingers bent during 
EDM processing. 

 

 

Figure 48: Etched channels at exit of heater. 
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Figure 49: Linear HEX Channel Depth Measurement (middle channel). 

 

 4.3.3 Test Bench 

The performance of the water pasteurizer device was validated with a bench 

top flow loop. The basic requirement for the test set up is to circulate water through 

the pasteurizer while monitoring pressure and temperatures in various locations 

throughout the test loop. A schematic diagram of the test loop is shown in Figure 50 

where the source is potable tap water, supplied to a reverse osmosis (RO) process 

(Millipore RiOs 8 unit), and held in a storage tank. This arrangement provides the test 

loop with laboratory-grade, pure RO water where bacteria samples can be introduced 

as a control variable. Performance of the pasteurizer can be verified by collecting 

samples at the flow loop’s exit using Millipore bacteria samplers and comparing the 

relative amount of introduced bacteria to the remaining bacteria.  Details of this study 

are discussed in the Biological Testing Section (4.3.4, ii.). 
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Specifications for the components of the test bench have been derived from 

current dialysis requirements. Primary metrics that drive this research are 

pasteurization temperature and residence time (138 °C and 2 seconds). Residence time 

is a product of the laminae design, but the heat requirement is dependent on the 

heaters and their associated support devices. Lastly, the system requires a flow rate of 

100 mL/min. The requisite components for the test bench must be able to 

accommodate these specifications. 
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Figure 50: Test bench block diagram. Heaters have integrated thermocouples. 
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 i. Data Acquisition 

All components of the test bench will be monitored and/or controlled through a 

National Instruments CompactDAQ USB data acquisition system (DAQ) that is 

managed with LabVIEW software on a Windows based PC. LabVIEW only controls 

the pump (amperage/RPM); all other components (heater, thermocouples, pressure 

sensors, and flow meter) are passive devices and LabVIEW will simply display their 

measurements. The DAQ allows the experimenter access to real time measurements of 

the conditions throughout the test loop to verify the performance of the system.  

 

 ii. Gear Pump 

A GAT series Micropump gear-pump is used for the test loop. The pump was 

chosen based on its specifications and size. Its nominal flow rate is 300 mL/min and is 

capable of operation at internal pressures up to 1300 kPa (200 psi). The needle valve 

at the test loop exit is used to throttle the flow and control pressures in the system. The 

pump is about 6 cm in diameter and length; this is important to the end goal of the 

project, to develop a portable dialysis solution. The pump is directly connected to a 

power supply and contains the electronics that allow it to be directly controlled by 

LabVIEW through a signal input (RPM is proportional to voltage).  
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iii. Flow Meter 

The flow meter is an Alicat L series water flow meter that has a measurement 

range from 0.5 mL/min to 10k mL/min and an accuracy of ± 2 mL/min. Size was not a 

consideration for this device because it is for testing purposes only.  

 

iv. Heater & Power Supply 

The amount of heat input required was determined through the HEX 

calculations (see Table 10). Calculations indicate that the water exiting the heat 

exchanger, prior to the heating section, will have a temperature near 137.5 °C. 

Therefore, the heater will need to have the capability to increase the temperature by 

12.5 °C to 150 °C. This correlates to a 90 W requirement based on the simplified 

equation (cp determined at average temperature): 

 

! 

Q = ˙ m cp"T  (33) 

A !” Watlow Firerod cartridge heater was chosen as the heating source; it 

more than sufficiently meets the power requirements (max power " 700 W). Electrical 

power was delivered to the heaters by an autotransformer, or a VARiAC, which 

provides a user-controlled voltage (and thus wattage) to the heater. The 

autotransformer voltage and amperage is monitored by separate digital multimeters 

(Radio Shack CAT 22-812) that are connected to the PC via a RS-232 USB connector 

and monitored through LabVIEW to determine the amount of power supplied to the 

heater. 
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v. Temperature Sensors 

Validation of the pasteurizer performance is achieved by measuring the 

temperature at several locations in the flow loop. These temperatures can be compared 

against predicted values (calculations and CFD results) to determine if the design 

parameters are met. Additionally, the temperature must be closely monitored to 

appropriately evaluate the pasteurizer during biological testing. Omega type K 

thermocouples with a stainless steel sheath (KMQSS-040) were selected. Type K 

thermocouples have a temperature range of -200 °C to 1250 °C and an accuracy on the 

order of 1°C. The sheath has an outer diameter of 0.040” (! 1 mm). 

 

vi. Pressure Sensors 

Pressure sensors used in the test loop are the M5100 series pressure 

transducers made by Measurement Specialties. Pressure measurements were necessary 

to prevent boiling in the pasteurizer and to measure the pressure drop across the 

device. The M5100 series sensors are capable of measuring pressures up to 689 kPa 

and can operate in temperatures up to 125 °C. They have a reported accuracy of less 

than 7 kPa. 
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4.3.4 Results 

Experimental testing of the pasteurizer was split into two tests: thermal testing 

with reverse osmosis (RO) water, and biological testing with bacteria-laden water. The 

first test was a validation of the CFD results and established the baseline performance. 

Additionally, this test was used to generate the settings that would be required to 

successfully perform the biological testing. Biological testing was used to evaluate the 

device’s pasteurization capabilities.  

 

i. Thermal Testing 

 After the etched and diffusion bonded device was received from VACCO, some 

post processing steps were taken to ready the pasteurizer for test bench use. The 

cartridge heater hole diameter was designed slightly undersized; a post-bonding, EDM 

process was used to enlarge the holes to their final dimension. Another EDM (hole-

popping) procedure was used to create holes in the device’s cover at the residence 

chamber where thermocouples are inserted. 

 Six cartridge-style heaters that are connected in parallel to the VARiAC deliver 

the heat power needed to pasteurize the water. This configuration delivers nearly 

equivalent electrical power to each heater, dependent on each heater’s particular 

resistance. As stated previously, a total of about 90 W will be added to the water in the 

heater section. The heater wires are only capable of withstanding about 200 °C even 
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though the heaters themselves can withstand and produce much higher temperatures. It 

should also be noted that without fluid passing through the device, the heaters would 

easily overheat (even at low power levels). Therefore, great care was taken during all 

experiments to ensure temperatures were kept below 200 °C by closely monitoring the 

power input and ensuring adequate fluid flow whenever the heaters were powered. It 

is also important to maintain sufficient fluid flow after power is removed from the 

heaters to cool the device (prevent any unwanted damage). 

 Thermal testing was used to validate the results found during CFD modeling. 

Tap water that was processed by a RO unit was used in this round of testing. First, the 

appropriate flow rate and pressure were determined. Pump speed (RPM) was adjusted 

until 100 mL/min was reached. The needle valve was then adjusted until the 

pasteurizer pressure measured approximately 620 kPa (90 psi); 485 kPa (70 psi) is 

required to suppress boiling at 150 °C. The pump speed was also simultaneously 

adjusted to maintain the flow rate with increasing pressure. The functional 

requirement of 100 mL/min was reached with a speed of 2000 RPM at 620 kPa. The 

pressure drop across the pasteurizer was less than the pressure transducer’s resolution 

(< 1 psi). 

 Next, the heater power requirement was determined. The actual area for heat 

transfer in the HEX was larger than the calculations suggested; the header region and 

pre-heater mixing regions allow more heat transfer to occur. The temperature of the 

water entering the heater section is warmer than predicted (137.5 °C) as a result. 

Therefore, the calculated power requirement of the heaters is a conservative estimate. 
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Measurements showed that 60 W provided to the cartridge heaters allowed the water 

to reach 138 °C (residence chamber) when the device inlet and outlet temperatures 

were approximately 20 °C and 28 °C, respectively. This correlates to a calculated 

effectiveness of 94% (due to the increased HEX area).  

 Melamine foam insulation (!” thick, open cell: can tolerate temperatures up to 

about 177 °C) was wrapped around the device to minimize heat loss. Thermal grease 

(Chromalox HTRC 014293) was applied to the heater surfaces prior to installation. 

The system takes about 15 minutes to reach steady state operating temperature (see 

Figure 51).  

 Appropriate settings for the cartridge heaters (heat input), needle valve (system 

pressure), and pump RPM (flow rate) were determined to be about 60 watts, 620 kPa 

(90 psi), and 2000 RPM respectively. The settings determined during this test met the 

functional criteria to generate 100 mL/min and 138 °C (as measured in the residence 

chamber). The settings were kept constant to ensure repeatability throughout the 

testing because the primary goal is to validate capabilities rather than fully optimize 

settings. A full factorial experiment would need to be conducted to optimize these 

settings (outside the scope of this research).  

 The thermal testing was also used to determine start-up and shutdown 

procedures. The needle valve and VARiAC (pressure and heater power respectively) 

are set manually and could be left at the appropriate position between testing 

(VARiAC must be turned off); the pump is controlled by LabVIEW and must be reset 
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to 2000 RPM at startup. LabVIEW also controls the measurement devices but they 

require no adjustments after calibration (before testing).  The start-up procedure is as 

follows: 

• Fill RO reservoir 

• Turn on LabVIEW and power up test bench components 

• Increase pump speed to 2000 RPM; ensure RO water is fully cycling 

• Turn on VARiAC (pre-set voltage w/manual dial) 

• Monitor pasteurizer temperatures; wait for temperatures to stabilize  

 An evaluation of efficiency was also performed at this stage. The pasteurizer 

was brought up to steady state operating conditions with RO water. The recorded 

temperatures, heater power (current and voltage), flow rate, and pressure 

measurements were used to determine the efficiency of the device based on the 

following.  

! 

Qfluid = ˙ m (hresidence " hinlet ) (34) 

! 

Qfluid =V " i  (35) 

! 

"system =
Qfluid #Qheater

Qfluid

 (36) 

 Measurements made over a range of residence temperatures (132 °C to 146 °C) 

reveal that the performance of this design is operating at about 92.5% (± 1%) efficient. 

Per the designed 90% effectiveness, about 6.5% of the energy is carried away in the 

outgoing fluid flow to maintain its temperature near 37 °C.  It is estimated that 1% is 
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lost to the surroundings. An improved method for insulating the device could help 

recover approximately half of the lost heat.  

As a final evaluation of performance, these measurement results were 

compared against the CFD results. The CFD model suggest that about 70 W are 

necessary to heat the water to 135 °C – 140 °C at the residence chamber. Empirically, 

it was found that the same temperatures could be achieved with only 60 W. This 

discrepancy can be attributed to the difference in final channel size (CFD channel 

depth 0.175 mm; actual depth ! 0.197 mm). This will cause the flow to be slower in 

reality, and thereby lower heat power required.  

 

Table 12: Comparison of CFD results and emperical measurements. 

Parameter CFD Actual Units 

Power Input 70 60 W 

Tin  22.2  19 - 21 °C 

Tout  34 26.5- 29 °C 

Flow Rate  100 100  

Etch Depth  0.175 0.197 mm 

Tres  135 – 142 137 - 140 °C 
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Figure 51: Temperature ramp up data. 

 

 

Figure 52: Residence chamber temperature (center) versus heater power. 
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ii. Biological Testing 

Settings that were determined during the thermal testing were also used for the 

biological testing. Biological testing was to determine the pasteurization capabilities of 

the device. During a typical biological testing run, the first step is to chemically 

sterilize the flow loop. This was accomplished with a flush-and-hold cycle using a 1% 

bleach solution for approximately 5 minutes, followed by an RO water flush for about 

10 minutes. Next, the system was brought up to a steady state temperature while the 

RO water continued to flow through the system. At this point, the test loop has been 

fully sterilized.  

Pre- and post-pasteurized water was evaluated using standard Millipore brand 

paddle samplers (Figure 54), specifically designed for dialysis water testing. A 

Lindberg/Blue (Gravity Oven G01210SA) incubator was used to incubate the samples 

at 37 °C for 48 hours. The bacteria laden water was made using a 1:4 ratio of 

aquarium water with RO water; this mixture will be referred to as AQ water. The 

following procedure was used to collect samples of pasteurized and unpasteurized 

water (the latter with the power turned off to the pasteurizer heaters). 
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• Remove paddle from its case and collect the sample directly from the outlet 

tube downstream of the throttling valve. The water sample should fill the 

case to the upper line (18 mL) 

• Replace the paddle in its case to submerge the filter in the sample; lay the 

sampler horizontally with the filter side down for 30 seconds 

• Remove the paddle from its case, pour out sample  

• Replace the paddle in the empty case 

• Incubate the sampler with the filter side down at 37 °C for 48 hours 

• Remove the paddle from the case and count the colonies that appear as 

spots on the filter (see Figure 55 and Figure 56) 

 Water taken directly from the RO unit, prior to pasteurization runs, showed no 

signs of bacterial colonies forming after incubation. As part of the protocol, RO water 

was passed through the operating pasteurizer as a control.  Samples were collected, 

incubated, and no colonies of bacteria were found. AQ water samples had bacterial 

colonies that were “too numerous to count” prior to pasteurization. The baseline was 

established: RO water has no bacteria while AQ water has a large amount of bacteria. 

Next, AQ water was passed through the operating pasteurizer and samples collected. 

The pasteurizer settings were configured as determined during the thermal testing to 

achieve UHT pasteurization (nominally, 138 °C for 2 seconds). After incubation, no 

cultures were found on the sampling paddles.  This procedure has been repeated many 

times with the same negative results indicating that the pasteurizer, when operating at 

its design condition, effectively kills colony-forming bacteria in a water stream.  The 
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testing was performed at temperatures greater than and slightly below 137 °C, both 

returning negative culture results. The graph below shows a typical temperature 

history recorded during a test run. 

 

 

Figure 53: Plot of residence chamber temperatures during Biological Testing; R.O. = 
Reverse Osmosis Water, AQ = Aquarium (Bacteria Laden) Water 
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Figure 54: Millipore test sampler; Heterotrophic Plate Count MHPC 100 25. 

 

 

Figure 55: Millipore test paddles from first round biological testing. Bacteria colonies 
can only be seen in the unpasteurized aquarium water sample. 
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Figure 56: Magnified images of Millipore test paddles. (a) without bacterial growth 
after a 106 °C pasteurization temperature and (b) with bacterial growth after a 98.6 °C 

pasteurization temperature. 

 

 
Figure 57: Temperature evaluation on pasteurization performance. 
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A second round of biological testing was conducted to further evaluate the 

effects of temperature on the device’s pasteurizing performance. The same procedure 

was used to sterilize the test loop and the device was brought up to steady state 

operating conditions (~137 °C). Samples were collected at reducing temperature steps 

(e.g. 130 °C, 120 °C, 110 °C, etc…) to determine the lower temperature limit for 

killing bacteria. The results shown in Figure 57 from the testing indicate that the 

pasteurizer successfully kills any bacteria at temperatures exceeding 

approximatley100 °C. 

 

4.4 Pasteurizer Conclusions 

During the course of this project, a microchannel pasteurizer has been developed 

for the purpose of thermally processing water. The development effort involved 

thermal design of the device, fabrication, and testing. The final design effort centered 

on integrating three major sections of the pasteurizer together into a single device 

capable of performing Ultra High Temperature pasteurization of an incoming water 

flow. The three sections included a microchannel heat exchanger, an electrically 

powered heater section, and a residence chamber allowing the water to reside at 

operating temperature for approximately 2 seconds at a flow rate of 100 mL/min. The 

project was successful in meeting all of its objectives. 

 The primary goal of the research was to demonstrate the capability of a 

microchannel-based pasteurizer to kill bacteria found in water. Research work 
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included measuring the biological activity of water samples, spiked with water from a 

bacteria-laden supply (aquarium water), through a range of operating temperatures. 

Sample collecting and characterizing protocols were also developed during testing. As 

indicated by data presented in this report, the pasteurizer has been shown to effectively 

kill bacteria at UHT pasteurization conditions and at lower temperatures.  Thus, the 

microchannel-based device has been validated by experiments to perform its function.  
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6 Thesis Conclusions 

This thesis discusses a wide range of applications for arrayed microchannel fluidic 

devices. Their successful implementation has been demonstrated in fuel reforming 

devices that are more compact, microchip heat sinking that offer increased cooling 

capacities, and bio-related applications that are both novel and more effective than 

their conventional counterparts. Design difficulties that are encountered in 

microchannel devices (bonded stack of laminae) can be overcome by incorporating 

features into the design that integrate the attachment method (e.g., integrated NPT 

headers and o-ring compression adapter plates). Finally, the design, fabrication, and 

testing of a compact and portable microchannel water pasteurizer was discussed and 

its performance was verified. This device is capable of pasteurizing water to Ultra-

High Pasteurization standard and operates with an efficiency of 92.5%. The 

pasteurizer is highly compact, which it lends itself to portable use for producing clean 

water (medically infusible, with necessary filters). 

 
 
 
 
 
 
 
 
 
 
 
 



 106 

6 References 

[1] D.B. Tuckerman, R.F.W. Pease, “High Performance Heat Sinking for 
VLSI.” IEEE Electron. Device Lett., vol. EDL-2, no. 5, pp. 126-129, May 
1981. 
 

[2] D. Palo, R. Dagle, J.D. Holladay, “Methanol Steam Reforming for 
Hydrogen Production.” Chem. Rev., vol. 107, pp. 3992-4021, 2007. 
 

[3] Y. Wang, J.D. Holladay, “Microreactor Technology and Process 
Intensification.” ACS Symposium Series 914, pp. 164, 194-207, 211, 213-
216, 238-258. 2005. 
 

[4] Delsman et al., “Design and Operation of a Preferential Oxidation 
Microdevice for a Portable Fuel Processor.” Chem. Eng. Science, vol. 59, 
pp. 4795-4802, 2004. 
 

[5] F. Incropera, D. DeWitt, “Fundamentals of Heat and Mass Transfer.” John 
Wiley and Sons, 5th ed., 2002. 
 

[6] Kolb et al., “Fuel Processing in Integrated Micro-structured Heat-
exchanger Reactors.” Journal of Power Sources, 171, pp. 198-204, 2007. 
 

[7] Men et al., “A Complete Miniaturized Microstructured Methanol Fuel 
Processor/Fuel Cell System for Low Power Applications.” International 
Journal of Hydrogen Energy, 33, pg 1374 – 1382, 2008. 
 

[8] Chen et al., “CO Selective Oxidation in a Microchannel Reactor for PEM 
Fuel Cell,” Chemical Engineering Journal, 101, pp 101-106, 2004. 
 

[9] Walchli et al., “Self-Contained, Oscillating Flow Liquid Cooling System 
for Thin Form Factor High Performance Electronics.” Journal of Heat 
Transfer, 132, May 2010. 
 

[10] Colgan et al., “A Practical Implementation of Silicon Microchannel 
Coolers for High Power Chips.” IEEE Trans. On Comp. and Pkg. Tech., 
vol. 30 no. 2, June 2007. 
 

[11] Sauciuc et al., “Air-cooling Extension – Performance limits for Processor 
Cooling Applications.” Annual IEEE Semiconductor Thermal 
Measurement and Management Symposium, pp. 74-81, 2003. 
 

[12] J. Khandurina, A. Guttman, “Bioanalysis in microfluidic devices.” Journal 
of Chromatography, 943, pp. 159-183, 2002. 



 107 

[13] C.W. Yung et al., “Micromagnetic-microfluidic Blood Cleansing Device.” 
Lab on a Chip, vol. 9, pp. 1171-1177, 2009. 
 

[14] H. Yu, C.M. Alexander, D.J. Beebe, “A Plate Reader-compatible 
Microchannel Array for Cell Biology Assays.” Lab on a Chip, vol 7, pp. 
388-391, 2007. 
 

[15] E. Miller et al., “Modeling Energy Recovery Using Thermoelectric 
Conversion Integrated with an Organic Ranking Bottoming Cycle.” 
Journal of Electronic Materials, Vol. 38, pp. 1206-1213, 2009 
 

[16] H. Wang et al., “Performance of a Combined Organic Rankine Cycle and 
Vapor Compression Cycle for Heat Activated Cooling.” Journal of Energy, 
pending publication. 
 

[17] R.B. Peterson, “Numerical Modeling of Conduction Effects in Microscale 
Counterflow Heat Exchangers.” Microscale Thermophysical Engineering, 
Vol. 3, pp. 17-30, 1999. 
 

[18] G. Maranzana, I. Perry, D. Maillet. “Mini- and Micro-channels: Influence 
of Axial Conduction in the Walls.” International Journal of Heat and Mass 
Transfer, Vol. 47, pp. 3993-4004, 2004. 


