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Measurement and Control of Complexity Effects in

Branched Microchannel Flow Systems

Robert Andrew Hart, Ph.D.

The University of Texas at Austin, 2012

Supervisor: Alexandre K. da Silva

Complex flow structures consisting of branching, multi-scale, hierarchically

arranged flow paths can be a beneficial in certain applications by providing lower

hydraulic and thermal resistances than conventional flow arrangements. In this study,

an experimental approach was used to investigate the hydrodynamic and thermal

effects of the complexity, or degree of branching, in microscale complex flow structures.

The primary focus of this work was to develop new concepts to advance the current

capabilities of complex flow structures through management of complexity.

The effects of complexity were determined from experiments performed on a

set of microfluidic test sections which were identical except for the complexity of the

underlying microchannel configuration. Comparison of the relative hydrodynamic

and thermal performance indicates that complexity has a strong effect on both the

pressure drop and heat transfer. When the pumping power is taken into account,

the results suggest that higher complexity arrangements improve the overall thermal-

hydraulic performance. This conclusion was confirmed by the trends observed in the

coefficient of performance, a measure of the device thermal efficiency.

To address the limitations of conventional fixed-complexity designs, the con-

cept of a variable-complexity flow structure is developed. With a variable-complexity
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design, the configuration of a branched flow structure can be dynamically controlled

to improve performance as operational conditions vary. This concept was successfully

demonstrated by developing and testing an active variable-complexity microfluidic de-

vice in which pneumatically controlled microvalves were used to create different flow

channel configurations.

The variable-complexity concept was further refined by developing a microflu-

idic device with a passive variable-complexity design in which the flow channel con-

figuration changed autonomously based on local temperatures. By using microvalves

containing a temperature sensitive polymer, the flow configuration of the device was

made thermally adaptive. Experiments were performed to characterize the behavior

of the polymer microvalves and the overall device performance. The results showed

that the device was capable of tracking changes in external heat sources by adapting

and reconfiguring its internal flow structure. The experiments also showed how this

variable-complexity design can reduce the pumping power expenditure by automati-

cally directing flow only to areas where it is required.
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Chapter 1

Introduction

Branched flow architectures, also called complex flow structures, are a common

feature of both natural and man-made systems. These systems consist of repeatedly

branching, multi-scale flow paths that are arranged hierarchically, often giving the

flow structure a tree-like appearance. Examples of such flow architectures abound,

and include the circulatory and respiratory systems in living organisms, lightning,

and the streets in cities. Although this concept can be applied very generally, the

“flows” of interest from an engineering perspective are typically fluids, energy, and

mass (species), or combinations of these, which are transported by convective or

diffusive mechanisms. Forced convection through an array of branching channels is a

typical example [1].

Investigation of branched flow architectures continues to be an active and

diverse area of research due in part to results which show that these types of flow

configurations can sometimes provide performance benefits (e.g., higher heat transfer,

lower flow resistance) over other types of flow system configurations [2]. As a result,

complex flow structures have been proposed (and in a few cases actually tested)

for use in engineering applications such as fuel cells [3, 4], heat exchangers [5–8],

microchannel mixers [9], fluid distribution [10, 11], and electronics cooling [12–14].

Other applications are discussed in the review by Pence [15].
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1.1 Complex Flow Structures

Complex flow structures are characterized by repeated branching (or combin-

ing) of flow streams. When branching or merging occur, there is often a predictable

difference in the characteristic dimensions (e.g., length and diameter) of the incoming

and outgoing flow streams, giving the configuration its multi-scale character. Fig-

ure 1.1 shows an example of two commonly studied complex flow structures. In these

designs, the flow channel structure is self-similar and grows by repeated bifurcation

of each channel into a pair of successive channels. The flow arrangements are identi-

fied by the number of branching levels, which is referred to as the complexity of the

structure [16]. It can be seen that one attribute of a complex flow structure is that it

distributes flow from a source over an area or volume, or, if the flow is in the opposite

direction, it serves as a collection system connecting the area or volume to a sink [17].

The ubiquity of complex flow structures, especially in natural flow systems,

  

 (a) (b) 

Flow 

Channels 

Flow Inlet 

Figure 1.1. Examples of two typical complex flow structures showing con-
figurations with (a) branching angles of 90◦ (from [18]) and (b) branching
angles less than 90◦ (from [15]). In the design shown in (a), fluid exits from
the individual terminal microchannels by flowing perpendicular to the plane
of the figure.
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suggests that these types of configurations have some desirable properties for various

types of transport processes. In fact, the existence of branched flow architectures in

a diverse range of biological systems has been explained in terms of the efficiency of

the processes required to transport oxygen, nutrients, waste, etc. to or from areas

within the organism [19–23]. These studies have shown that complex flow structures

optimize the balance between the diffusive and convective transport mechanisms in

a way that minimizes the energy input (e.g., pumping power) required to achieve

the transport. Transferring these ideas to the analogous processes in engineering

systems forms the basis for the practice of biomimicry or bio-inspired design and is

the beginning point for many investigations of complex flow structures.

The ideas of constructal theory [16] offer an alternative to the bio-inspired

design viewpoint. Instead of using the assumption that natural form is optimal as

a starting point for engineering design (as in biomimetics), constructal theory states

that natural form is a result of the postulated principle that systems tend to adopt a

configuration that optimizes their internal flows subject to constraints (e.g., volume,

flow rate). Engineering analysis can be used to show that this optimal configuration

is typically a complex flow structure. For example, tree-like branched flow structures

have been theoretically shown to minimize flow resistances in systems involving flow

distribution [24–28] and thermal resistances in conduction [29–32] and convection

[1, 33] heat transfer problems. Similar results have also been obtained with other

approaches, such as optimization methods [34–36]. Despite using different approaches,

the results obtained from these investigations indicate the significance and promise

of complex flow structures.
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1.1.1 Microscale Applications

The potential of complex flow structures to minimize flow and thermal re-

sistances may be particularly beneficial in the rapidly growing field of applications

involving microscale devices. As shown in Fig. 1.2, there is a large and growing mar-

ket for microscale technologies of many kinds. According to one estimate [37], this

technology sector is experiencing an average annual revenue growth of 17%.

For small-scale devices involving fluid flow, a commonly cited limitation is

the inherently high pressure drop associated with flow in microchannels. Because

the flow in these devices is often in the laminar regime, the relationship between

pressure drop and mass flow rate depends on the fourth power of diameter (see §2.5.1).

Thus, reducing the scale of a device leads to a rapidly increasing pressure drop.

This pressure drop in turn results in increased pumping power demands and thus

higher operational costs. For example, the high heat transfer benefits of microchannel

coolers are partially offset by their large pumping power requirements [38]. Reducing

Figure 1.2. Market forecast for various microscale technologies (from [37]).
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pumping power requirements becomes even more important when there are large

arrays of devices to be operated, such as in thermal management applications [12].

Among microscale applications, complex flow structures have received the most

attention in the context of microelectronics cooling. Published theoretical and com-

putational investigations comparing complex flow structures to other microchannel

designs, such as parallel channels [39], have showed that branched flow designs can

provide higher heat transfer rates and lower pressure drops [3, 38, 40, 41]. Additionally,

branched flow systems have been shown to reduce the temperature non-uniformities

associated with parallel channel heat sinks [13, 42]. From a CFD study, Ramos-

Alvarado, et al. [11] concluded that inlet and outlet manifolds consisting of branched

channels improved the performance of a micro heat sink. Although most of these re-

sults lack conclusive experimental confirmation, they suggest that designs employing

complex flow structures may be able to address some of the current limitations found

in microscale thermal-fluid systems.

1.2 Motivation

In designing a complex flow structure, there are a number of parameters that

must be specified such as flow channel lengths, diameters, branching angles, and the

number of branching levels (complexity). All of these represent degrees of freedom

that a designer can manipulate to optimize a structure for a particular purpose [43].

Among these, one of the most important parameters is the system complexity (number

of branching levels). Theoretical and computational results show that complexity of

the flow configuration plays a key role in the overall performance of a variety of types

of thermal-fluid systems [1, 6, 24, 30].

Even though previous studies have provided basic insights into the behavior
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of complex flow structures, additional experimental work is needed to provide a more

conclusive evaluation of the relative benefits of complex flow systems. In particular,

the complexity of the flow system appears to be an important factor in overall per-

formance, but is a topic that has not yet been fully addressed from an experimental

standpoint. Accordingly, the goals of the research program are to use an experimental

approach to study the effects of complexity in microscale complex flow structures and

to develop methods by which system performance can be improved through control

of the flow system complexity.

1.2.1 Effects of Complexity

While published studies suggest that complex flow structures can be used to

advantage in some thermal-fluid systems, successful application of these concepts to

the solution of engineering problems requires a fundamental understanding of the

hydrodynamic and thermal characteristics of complex flow configurations. One es-

sential component in obtaining this fundamental understanding is determining how

complexity affects the thermal-hydraulic performance of a complex flow structure. A

key part of this assessment involves determining how the trade-off between pump-

ing power input and heat transfer capacity affects overall performance as the flow

structure complexity increases.

The body of published literature in this area shows that some progress to-

wards this goal has been made. But, with only a few exceptions, the work is limited

to theoretical and computational studies. Very few experimental studies are available,

especially in the important area of microscale complex flows structures. Furthermore,

many of the existing theoretical investigations of complex flow system performance,

including the predictions of complexity effects, are built on the assumption of hydro-
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dynamically and thermally fully-developed laminar flows in round channels. These

studies do not take into account effects such as developing flows, flow disturbances

caused by branching, and the limitations imposed on system design by geometric and

fabrication factors.

1.2.2 Benefits of Variable Complexity

One characteristic of complex flow systems is that the optimal or ideal flow

channel arrangement is a function of the operating conditions and specified con-

straints. Such optimal configurations have been identified for different applications

[1, 6, 24, 30]. A good example is the theoretical work reported in [6], which consid-

ers the performance of a counterflow heat exchanger which utilizes a bifurcated flow

channel design. One of the key results obtained from this work, reproduced here

as Fig. 1.3, shows that the optimal complexity, i.e., the complexity that minimizes

the overall global thermal resistance of the heat exchanger, depends on the specified

pumping power. Therefore, maintaining the best performance of the heat exchanger

requires following the lower envelope of the family of curves in Fig. 1.3 as the pumping

power changes. Remaining on this lower envelope requires changing the device com-

plexity in response to the specified pumping power. For example, a fixed-complexity

design with five branching levels (n = 5) would be preferred at the higher pumping

powers, but the same design would not provide the best possible performance at a

lower pumping power.

A means of controlling complexity in a complex flow structure is a fundamental

part of developing strategies to optimize the performance of the structure for different

sets of operational conditions (or varying conditions). However, existing designs have

a fixed complexity, and thus varying the flow system complexity requires entirely
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Figure 1.3. Effect of complexity on the thermal-hydraulic performance of a
heat exchanger based on a branched flow channel design (from [6]). As defined
in [6], R̃t is the dimensionless global thermal resistance of the heat exchanger,
W̃ is the dimensionless pumping power, and n is the complexity.

replacing one channel arrangement with another of a different complexity, which is

not practical. The ability to dynamically control flow system configuration can lead

to thermal-hydraulic systems of increased efficiency or functionality for a wide range

of operational conditions.

Another very important benefit of variable complexity is that it enables a sys-

tem to dynamically adapt to its environment. By making the flow configuration of any

device (complex or otherwise) sensitive to the local conditions, flow can be sent only

to areas where it is needed. Pumping power can thus saved by circulating fluid only to

regions where it is required for purposes such as cooling, feeding chemical reactions,

controlling pH, etc. For example, in a liquid cooling application, a thermally-adaptive

device could reduce pumping power requirements by directing coolant only to those

areas that require it. Such a scenario might be encountered in the cooling of inte-
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grated circuits, where there are often local “hot spots” corresponding to high-power

consumption regions in a chip [44–46].

1.3 Literature Review

Research on complex flow structures from an engineering perspective is a rel-

atively young field, with the first published articles appearing in the mid-1990’s.

However, interest from biology and medical researchers dates back much farther. The

published research that is most relevant to the objectives and expected contributions

of the current work is reviewed in the following sections.

1.3.1 Theoretical and Computational Studies

Chen and Cheng [41] analyzed bifurcated flow channel configurations such as

those shown in Fig. 1.1(a) using a very simplified theoretical analysis that assumed

hydrodynamically and thermally fully developed flows and neglected any effects of

the bifurcations. Even with these unrealistic assumptions, their results still showed

that the complex flow structure provided reduced pressure drop and increased heat

transfer when compared with a comparable array of parallel channels. This study also

specifically examined the effect of complexity and found that increasing complexity

was beneficial for increasing heat transfer and reducing pumping power.

Motivated by electronics cooling applications, Pence [38, 40] analyzed a single

complexity, radial-flow, bifurcated microchannel circular heat sink similar to the one

shown in Fig. 1.1(b). This microchannel configuration had a fractal-based design that

was based on biomimetic principles. The system was studied using a one-dimensional

model based on macroscopic fluid flow and heat transfer correlations that included

the effects of developing flows. Comparison with a comparable array of parallel mi-
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crochannels for conditions of matched pressure drop and pumping power showed that

for both cases the complex flow structure yielded lower maximum wall temperatures

[38]. The reductions in the maximum wall temperatures were 40◦C and 30◦Cfor the

matched pressure drop and pumping power cases, respectively. An even more thor-

ough one-dimensional model was proposed by Escher, et al. [13]. Application of this

model to complex flow structures of the type shown in Fig. 1.1(a) showed the exis-

tence of an optimal complexity beyond which further increases in complexity had little

effect on performance. An optimal complexity was also identified in the work of Liu,

et al. [18], although their model was based on the assumption of hydrodynamically

and thermally fully-developed flow in all channels.

Using the principles of constructal theory and assuming fully-developed lami-

nar flow, Wechsatol, et al. [24] considered the problem of minimizing flow resistance

for a system in which radial flow channels connect the center of a disc with a spec-

ified number of points on the circumference. Under global constraints on the disc

radius and channel volume, it was shown that the optimal solution (i.e., lowest flow

resistance for a given number of points on the circumference) is obtained when each

channel leaving the center bifurcates multiple times and the number of required bi-

furcations depends on the number of points on the circumference. Although this is

similar to the flow configuration studied by Pence [38, 40], the channel lengths used

by Pence were not completely optimized [2]. Similar analyses have also been used to

optimize conduction [30] and convection [1] problems in the same geometry and to

design a heat exchanger [6]. In all of these studies, several common characteristics are

seen. First, increasing complexity generally improves overall system performance by

reducing global flow and thermal resistances. However, the amount of improvement

that occurs between successive increases of complexity usually decreases, and often
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a point of diminishing returns is reached in which further increasing complexity is

of little benefit. Second, in many of these problems an optimal complexity can be

identified for a given set of operating conditions. Third, as the operating conditions

change, the optimal complexity may also change.

Numerous investigators [3, 14, 47–49] have used full three-dimensional com-

putational approaches to simulate the fluid flow and heat transfer in complex flow

structures. Chen, et al. [50] took the additional step of validating their model with

data obtained from a 10 cm by 14 cm test section. These studies have provided in-

sight into the details of the flow and heat transfer within the microchannels. One

characteristic present in most of the simulations is the existence of secondary flows

downstream of the bifurcations. Although the flow remains laminar, these secondary

flows create mixing that affects the heat transfer.

1.3.2 Experimental Studies

Although a considerable amount of computational and theoretical work has

been done to understand and predict the performance of complex flow structures,

comparatively less experimental data is available. Only three experimental studies

on microchannel complex flow structures have been found in the literature.

In an experimental extension of their previous analytical work [41], Chen and

Cheng [51] fabricated and tested a heat sink design which utilized four levels of bi-

furcated microchannels. In their experiments, they measured only the hydrodynamic

performance and concluded that it offered performance gains over a comparable paral-

lel microchannel design. However, it should be noted that this conclusion was reached

based on data from only three test runs and the parallel channel performance was

not based on experimental data. Instead, the highly simplified model developed in
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the previous study [41] was used to predict the performance of the parallel channel

design. The authors also compared their experimental results for pumping power ra-

tio (i.e., ratio of pumping power for the branched and parallel channel designs) with

the predictions of their model [41]. Only one of the three experimental cases agreed

with the predictions. This study did not include any direct measurement of thermal

performance.

Two investigations have been reported in which both pressure drop and heat

transfer were measured in a microscale device. Haller, et al. [52] performed a series of

experiments on microchannel flow systems with several different geometries consisting

of right-angle bends, tee junctions, and fork-shaped branches. These experiments were

designed to characterize the relative performance of the different channel geometries.

The authors also performed numerical simulations of the experimental conditions

and concluded that the performance differences seen between the geometries in the

experiments could be attributed to mixing that occurred at the bends and junctions.

In most cases, the simulation results for the pressure drop and heat transfer failed

to match with the experimental measurements. The effect of complexity in a micro-

heat sink was studied experimentally by Calame, et al. [12]. Using a branching

configuration that consisted of multiple levels of parallel channels connected by cross

channels, they performed experiments on four designs of different complexity. Their

results showed that for a single, fixed mass flow rate there was an ideal complexity

that yielded lower surface temperatures for a given power dissipation.

1.3.3 Variable-Complexity Systems

Although numerous types of microfluidic control systems are described in the

literature, no reports could be found of systems designed specifically for the purpose
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of controlling flow channel architecture (i.e, to vary complexity). The most closely re-

lated work is that of Beebe and coworkers [53–55] who used a polymer that undergoes

volume changes related to pH to construct several types of valves that control the

flow through a system of microchannels. Although it does not change the flow path

configuration, the variable roughness technique proposed by Champagne and Bergles

[56] is an example of an autonomous, adaptive thermal-hydraulic system with a vari-

able configuration. In this system, the fixed roughness elements used to enhance heat

transfer in heat exchanger tubes were replaced with a variable roughness device that

responded to changing process conditions and maintained an optimal roughness con-

figuration. The approach taken was to use a shape memory alloy (SMA) spring that

was in contact with the wall as a roughness element. As local temperatures changed

the spring would extend or contract to vary the amount of the tube that was rough.

1.4 Research Program and Objectives

The aim of this research program was to develop new concepts to advance the

current capabilities of complex flow structures through management of complexity

in microscale thermal-fluid systems. The complexity of the flow configuration ap-

pears to be a key factor in complex flow system performance, but is a topic that

has not yet been fully addressed from an experimental standpoint. Furthermore,

given the growing interest in microscale device applications, it is important to un-

derstand complexity effects at this scale. Thus, an experimental research program

was conducted that focused on understanding and exploiting complexity to improve

thermal-hydraulic performance in microscale complex flow structures.

The research program was organized around three main objectives which were

investigated sequentially. These are as follows:
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Objective 1: Experimentally investigate the relative hydrodynamic and ther-

mal performance of different complexity microscale complex flow structures with a

focus on determining the effects of flow structure complexity.

The research for this objective was intended to answer two main questions: (1)

How does changing the flow structure complexity affect the main thermal-hydraulic

parameters (pressure drop, flow rate, heat transfer, and pumping power)? (2) Is

changing the complexity beneficial? Previous theoretical and computational stud-

ies have suggested that increasing complexity can be beneficial, but experimental

verification of these predictions is needed.

The approach taken for this objective involved the design and fabrication of a

series of microfluidic devices which contain complex flow structures of different com-

plexities, the development of a testing technique, and the design and construction of a

test facility. To make meaningful comparisons of the relative performance of different

complexity systems, the test articles and experimental technique were designed so

that the effects of complexity could be isolated in the results. A key element of this

approach was fixing the effective heat transfer area across all test articles regardless

of the complexity.

These experiments involved not only documenting how complexity affects hy-

drodynamic and thermal performance individually, but also using the data to gain

insight into how trade-offs between these factors affects overall complex system per-

formance. For example, is an increase in heat transfer accompanying an increase in

complexity justified by the “cost” in terms of pressure drop and required pumping

power? If this competition can be effectively exploited, then complex flow structures

can offer a beneficial alternative to other flow system configurations.

Objective 2: Design and fabricate a variable-complexity device in which the
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complexity of the underlying microscale complex flow structure can be dynamically

controlled and demonstrate its hydrodynamic and thermal capabilities.

The research for this objective was intended to answer the question: How can

complexity be controlled in a single complex flow structure? A variable complexity

device has the capability to be adaptive and it is also an important part of developing

strategies to maintain optimal performance of a complex flow system as operating

system conditions change. Since it is impractical to physically switch devices when

a different complexity is required, it is desirable to have a single, variable-complexity

device in which the flow system complexity can be dynamically controlled. This type

of optimization is typically not possible in many current systems since they have only

a single static configuration.

The approach taken for this objective was to integrate pneumatically con-

trolled microvalves into one of the fixed-complexity microfluidic devices developed for

Objective 1. By opening and closing various combinations of valves, it is possible to

realize multiple flow channel configurations and thus vary the flow system complex-

ity, all within a single device. Because this device requires an externally generated

pressure signal to actuate the valves, it is referred to as an active variable-complexity

(AVC) device. The capabilities of the AVC device were demonstrated through a se-

ries of experiments which were designed to measure the flow control characteristics

of the device and the hydrodynamic and thermal performance of the various flow

configurations.

Objective 3: Design, fabricate, and test a variable-complexity, thermally-

adaptive device in which the complexity of the underlying microscale complex flow

system changes autonomously based on the local thermal environment.

The research for this objective was intended to answer two main questions:

15



(1) How can the variable-complexity concept be implemented to create a thermally-

adaptive device? (2) What type of performance benefits can be gained from using such

a device? Although thermally-adaptive control is possible in principle with the design

developed for Objective 2, a disadvantage of this system is that it requires separate,

external components to perform the sensing, actuation, and control functions. Thus,

a requirement for the Objective 3 design was to improve upon the AVC design by

developing a device that operated autonomously and did not require any external

equipment or power sources. This device represents a new type of “smart” thermally-

adaptive microfluidic device with capabilities not found in current designs.

The approach taken for this objective was to utilize a test article design similar

to the one developed for Objective 2, but with a different technique used for the valve

actuation. The actuation was performed by a temperature-sensitive polymer that had

the capability to open and close a microvalve. With this design, the device was able

to respond to local temperatures and adjust its complexity accordingly. In contrast

to the AVC device developed for Objective 2, this device did not require any external

equipment to operate. Thus, it is referred to as a passive variable-complexity (PVC)

device. After developing some additional specialized experimental equipment, an

experimental program was conducted to explore the capabilities of the PVC device.

1.5 Organization

This dissertation is organized into six major sections. Following this introduc-

tion (Chpt. 1), the experimental facilities and techniques used in the investigation

are presented in Chpt. 2. This chapter covers the equipment and methods that were

common to all of the experiments. More specific details related to each experiment

are given in later chapters. Chapters 3–5 present the research done for each of the
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objectives above, with one chapter corresponding to each objective. In addition to

a presentation and discussion of the research results, each of these chapters contains

a detailed discussion of the test article design and experimental methods that were

developed for a particular objective. Chapter 6 summarizes the conclusions obtained

from the research program and offers some suggestion for future work. A listing

of the detailed experimental procedures used in the various experiments is given in

Appendix A.
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Chapter 2

Experimental Methods and Facilities

The objectives of this research program required the design, fabrication, and

testing of a number of different prototype microfluidic devices. To evaluate the char-

acteristics and performance of these devices, several specialized experimental facilities

were designed and constructed. This chapter discusses the facilities and techniques

that were developed to perform the experiments. Also, the results of a series of tests

that were conducted to verify the experimental methods and the operation of the

facilities are presented.

The facilities and methods that were common to most of the experiments are

presented in this chapter. Details related to the design and fabrication of the test

articles as well as the particular techniques and equipment that were required for spe-

cific experiments are presented in subsequent chapters. The step-by-step procedures

used for the various experiments are given in Appendix A.

2.1 Test Articles

In this investigation, several different microfluidic devices were designed and

fabricated. These devices had a multi-layer structure and were fabricated from sili-

con, glass, and polydimethylsiloxane (PDMS) components. PDMS is an elastomeric,

optically-clear material that is commonly used for fabricating microfluidic components

[57]. Each microfluidic device was packaged into a modular, monolithic test section
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which had a standard size and configuration. Standardization of the design made

the test sections interchangeable and minimized the number of different experimental

setups required.

Figure 2.1 shows an example of one of the standard test sections used in this

investigation. All of the test sections had a base that was 1 cm square. The heights

varied slightly depending on how many layers comprised the device. All of the fluid

inlets and and outlets were located on top of the device, leaving the bottom surface

available for attachment to a heat source. The number of fluid inlets and outlets

varied depending on the function of a particular device. Fluid interconnections with

the test section were made with curved, blunt-tip needles. The needles had a standard

Luer-lock connection for attachment of tubing.

The fabrication of the various test articles in this investigation involved using

standard microfabrication techniques. The basic techniques used in the fabrication

and assembly of all the test sections are presented here. A detailed discussion of the

design of each test section and any specialized techniques required for its fabrication

can be found in the following chapters.

 

Fluid In Fluid Out 

1 cm 

1 cm 

Figure 2.1. Photograph of a test section typical of those used in the experi-
ments.
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2.1.1 Microfabrication Techniques

The PDMS components were fabricated by using a replica molding process

known as soft lithography [57–62]. In this process, components were created by

casting uncured, liquid PDMS in a mold created on the surface of a silicon wafer.

There were two major steps in this technique: (1) Manufacturing the mold, and (2)

Forming the PDMS components.

The mold was made by using photolithography to create features on a silicon

wafer. There are numerous steps in this process, which are given in procedures

provided by the photoresist manufacturer. In brief, the mold making process began

by spin coating a layer of photoresist (MicroChem SU-8 2075) onto a silicon wafer

that had been thoroughly cleaned. Then, the photoresist-coated wafer was exposed

to ultraviolet light that had passed though a photomask containing an image of the

desired geometric design (e.g., a microchannel configuration). The photomask was

created by high-resolution printing of a CAD drawing onto a clear mylar sheet. After

exposure, the wafer was submerged in liquid developer and unexposed areas of the

photoresist were dissolved, leaving behind the desired features in positive relief on the

wafer surface. An array of the patterns was created on a wafer so that multiple devices

could be fabricated at one time. The height or depth of the resulting features was set

by adjusting the spin coating parameters to control the thickness of the photoresist

layer.

To make the PDMS parts, uncured, degassed PDMS (Dow Corning Sylgard

184 mixed in a 10:1 ratio by weight of base to curing agent) was poured over the

wafer to form a layer of the desired thickness. The developed photoresist pattern on

the surface of the wafer served as a mold for the PDMS. The PDMS coated mold

was cured on a level platform in an oven for two hours or longer at 65◦C. After
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curing, the solidified (but flexible) PDMS was peeled off the mold and cut by hand

into individual 1 cm square pieces each corresponding to a single device component.

Guide marks were included in the design to aid in cutting.

2.1.2 Assembly Techniques

Assembly of a test section from the individual components was performed in

a series of steps so that proper alignment of the parts could be achieved at each step.

Before beginning the assembly process, any required through holes were punched in

the PDMS pieces using sharpened, blunt-tip needles of various diameters [63]. If

necessary, the parts were also cleaned with isopropyl alcohol and thoroughly dried.

Alignment and assembly were done by hand under a microscope.

Bonding of pairs of components was done by bringing the parts into contact

following brief (10–15 second) exposure of the mating surfaces to an oxygen plasma.

This commonly used PDMS bonding technique exploits the fact that exposure of

PDMS to an oxygen plasma temporarily breaks some chemical bonds on the surface

of the material [59, 61, 62, 64–66]. If two surfaces are brought into contact shortly after

plasma exposure, some of the broken chemical bonds will reform across the interface

resulting in a strong, permanent bond between the parts. A major advantage of this

technique is that it avoids the complications of using an adhesive to join the parts.

In situations requiring precise alignment of two parts, a few drops of methanol

were applied to one surface after the oxygen plasma exposure. The second part

was then placed on the first, and the thin film of methanol between the layers pre-

vented them from prematurely bonding while the pieces were being positioned. The

methanol also aided the alignment process by acting as a lubricant. The presence of

the methanol does not affect the bonding process [59]. Completed assemblies were
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placed in a 65◦C oven overnight to evaporate the methanol and allow the bonds

between the layers to completely cure.

2.1.3 Optimization of the Fabrication Processes

Although the fabrication processes seems straightforward, considerable effort

and experience was required to refine and optimize the individual steps in order to

consistently obtain high quality components. The following are some key experience-

based observations about the process involved:

• The manufacturer recommendations were found to work well for processing the

photoresist. Because the photoresist was very viscous (22,000 cSt), dispensing

the material proved difficult. Any air that got mixed into the liquid during

dispensing would remain and later cause large defects in the finished surface.

Using a dispensing technique in which the photoresist was poured directly out

of the bottle with the mouth of the bottle held just above the wafer surface

prevented almost all air entrainment.

• Cleanliness of the silicon wafers was key in achieving good adhesion of the pho-

toresist to the silicon. Thorough cleaning of the wafers immediately prior to use,

including an oxygen plasma cleaning step, was required to prevent delamination

of the photoresist.

• The spin coating process did not yield a perfectly uniform thickness photoresist

layer. This was again likely a consequence of the photoresist viscosity. As

a result, there were slight variations in the height of finished features in the

mold depending on where they were located on the wafer. These variations

were subsequently transferred to the PDMS parts during the replica molding
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process. Since components taken from the same mold often had different feature

heights or depths, the dimensions of the features in the PDMS parts used to

construct the test articles were measured with a stylus profilometer during the

assembly process.

• Although many more devices could be fit onto a 150 mm (6 inch) diameter

wafer, the wafers were difficult to process and required considerable amounts of

material (photoresist, PDMS, etc.). Smaller, 100 mm (4 inch) diameter wafers

proved to be more practical.

• No special treatment of the mold surface was required for successful release

of the cured PDMS. Although applying a chemical release agent to the mold

surface is a commonly used technique [63, 67], it was found to be unnecessary

in the present work. PDMS layers as thin as 1 mm were successfully removed

from the molds without damage.

• The age of the PDMS had a very significant effect on how well the oxygen

plasma bonding process worked, presumably due to some type of contamination

resulting from prolonged exposure of the surface to air. Attempts to bond

PDMS parts that were more than two weeks old often yielded very poor bonding

(or no bonding at all). This aging effect was also noted by Jo, et al. [59].

• In all of the experiments performed, the friction fit between the needle and the

PDMS was found to provide an adequate seal, and thus no special sealing was

needed around the needles after insertion.
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2.2 Experimental Facility

To perform the testing, a custom experimental facility was designed, built, and

validated. Figure 2.2 shows a schematic of the principal components of this facility.

The equipment contained within the dashed line in Fig. 2.2 was added for actuating

microvalves within the test section and will be described in detail later in Chpt. 3.

An overview photograph of the experimental facility is shown in Fig. 2.3.
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Figure 2.2. Schematic of the experimental apparatus. “TC” denotes the
location of a thermocouple.
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Figure 2.3. Photograph of the experimental apparatus. The test section is
shown with some insulation and connections removed.
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2.2.1 Flow System

In the test facility, a gravity-driven flow system is used to supply distilled or

deionized water to the test section. The water is held in a supply reservoir (head tank)

which is located above the test section. A constant level is maintained in the head

tank by continuously pumping water into the tank and using a fixed-height overflow

tube to drain the excess fluid back to a storage reservoir. The supply reservoir height

is adjustable, and, as will be discussed below in §2.3.1, changing the elevation of the

head tank relative to the fixed fluid outlet made it possible to control the test section

pressure drop.

Immediately before entering the test section, the water passes through a heat

exchanger. The temperature of the heat exchanger coolant, which is supplied by a

constant temperature circulator, is adjusted to set a desired test section inlet water

temperature. After flowing through the test section, the water is collected in a con-

tainer located on an electronic balance. All connections in the system were made with

1/4 inch (6.5 mm) diameter plastic tubing. Additionally, all tubing carrying fluid in

and out of the test section was insulated.

2.2.2 Test Fixture

The test facility includes a fixture that supports the test section and provides

heat input. The details of the test fixture are shown schematically in Figure 2.4. In

this fixture, the test section is mounted on the upper end of a 7.6 cm long by 1.0

cm square copper block. Heat was generated by a 6.4 mm diameter, 3.8 cm long

cartridge heater (Omega Model CIR-10151/120V) installed in a hole bored in the

lower end of the copper block. The copper block has a cross-section of 1 cm by 1

cm thus providing a mounting surface that exactly matches the dimensions of the
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bottom of the test section. This assembly, consisting of the heater, copper block,

and attached temperature sensors (described below in §2.2.3), is encapsulated with

PDMS and completely wrapped with foam insulation on all sides except for the top

surface where the test section is mounted. The PDMS extends above the top of the

copper block forming a cavity that holds the test section and keeps it aligned on the

end of the block. An insulated cover was also placed over the top of the test fixture

during testing.

The test sections were installed on the copper block in the test fixture using

a thin layer of thermal grease and were held firmly in place against the top of the

copper block by a system which aimed to maintain a consistent, uniform, and constant

clamping pressure. To minimize any effects of differing contact resistance between the

various test sections, care was taken to ensure that the installation and clamping of
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Figure 2.4. Schematic section view of the test fixture. “TC” denotes the
location of a thermocouple.
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test sections in the test fixture was performed as consistently as possible. As discussed

later in §3.1.3, repeated measurements were performed to determine if installation or

fabrication factors were influencing the results.

2.2.3 Instrumentation and Data Acquisition

Temperatures of the fluid entering and exiting the test section are monitored by

1/16 inch (1.6 mm) diameter Type T thermocouple probes (Omega Model TMQSS-

062G-6) installed so that their tips are located as far as possible inside the hubs of

the inlet and outlet interconnect needles. This arrangement ensured that the sensing

portions of thermocouple probes were as close as possible to the locations where the

fluid entered and exited the test section. The photographs in Fig. 2.5 show how the

thermocouples were installed in the test section.

Additional facility instrumentation included the following:

• Four Type T surface mount thermocouples (Omega Model SA1XL-T-SRTC)

used to measure the temperature of the copper block in the test fixture. One

thermocouple was located on each vertical side wall of the block approximately

0.5 cm below the top horizontal surface.

• A thermocouple probe (Omega Model TMQSS-125G-6) used to monitor the

ambient temperature.

• A programmable DC power supply (Omega Model PSU 305) that provided

power to the cartridge heater in the text fixture. A computer interface to this

power supply allowed for control, monitoring, and recording of the current and

voltage outputs.
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Figure 2.5. Photographs of the test fixture showing the (a) side view and
(b) top view with a test section installed. Some insulation has been removed
for clarity.

29



• A 600 g capacity electronic balance (Ohaus Model SP602) used to measure the

mass of the water that had passed through the test section and accumulated

in the collection container. A computer interface to this balance allowed for

monitoring and recording of the mass.

• A tape measure attached to the supply reservoir used to measure the distance

from the water level in the tank to the fluid outlet tube.

Data acquisition and processing for the experiments was automated using Na-

tional Instruments hardware and LabVIEW software. The thermocouples were inter-

faced with the data acquisition computer using a National Instruments CompactDAQ

system. The balance and power supply were connected to the data acquisition com-

puter through serial interfaces so that accumulated mass, voltage, and current could

be read directly from these instruments. Data from all instruments were sampled,

time stamped, and recorded every two seconds.

2.3 Measurement Techniques and Data Processing

The experimental facility was designed so that the mass flow rate, pressure

drop, heat transfer rate, and pumping power for a test section could be measured.

The following sections describe the particular techniques used to determine these

parameters.

2.3.1 Pressure Drop and Flow Rate

By designing the flow system shown in Fig. 2.2 so that over the range of test

flow rates the dominant pressure drop in the flow system is at the test section, the

pressure drop across the test section can be assumed to be equal to the hydrostatic
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head. The test section pressure drop can then be directly determined by measuring

the distance between the water level in the tank and the fluid outlet tube (i.e., the

hydrostatic head). Experiments performed to evaluate the validity of this approach

are discussed later in §2.5.1.

With this system, setting the supply reservoir at a particular elevation pro-

vides a known, fixed pressure drop across the test section. This technique made it

possible to perform experiments at identical pressure drops regardless of the test sec-

tion internal flow arrangement. Additionally, the test section pressure drop could be

determined without the use of a differential pressure transducer.

By fixing the pressure drop in the experiments, the mass flow rate becomes

a dependent variable that is determined by the test section geometry and the fluid

properties. The mass flow rate was determined from measurements of the mass of

the water collected in the container sitting on the electronic balance. The change in

mass over a given time interval yielded the average mass flow rate over the interval.

With this method, evaporation of water from the collection container over a test

interval can cause a mass flow rate bias error. A test performed to monitor the

mass of water in the container over a five-minute period (a typical test time for the

experiments) showed that there was no measurable change in mass over this period.

For the experiments in Chpt. 5, which generally involved flow rates under 1 g/min,

the top of the collection container was almost completely covered as an additional

step to minimize evaporation.

2.3.2 Heat Transfer

An energy balance method was used to determine the test section heat transfer.

By reducing heat losses from the copper block in the test fixture to a negligible level,
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the test section heat transfer rate can be equated to the heater power input at steady

state. (Refer to Fig. 2.4 above for details of the test fixture configuration.) The heat

transfer can also be estimated from the fluid enthalpy change based on the measured

test section inlet and outlet temperatures. However, in preliminary experimental runs,

it was noticed that the measured temperatures were sensitive to the positioning of the

thermocouples. To avoid this potential bias uncertainty, heat transfer was determined

from the heater power input instead of the enthalpy change. The enthalpy change

was used as a check on the results. These two methods are compared below in §2.5.2.

Fundamental to this method is the assumption that the heater power input is

exactly balanced by the heat transfer occurring in the test section at steady state con-

ditions. Therefore, a key requirement in implementing this technique was minimizing

the heat loss from the the copper block to the surroundings. In the experiments,

the power supplied to the cartridge heater was adjusted so that the copper block

was maintained at a fixed temperature of 24.0 ± 0.1◦C as measured by the average

of the readings from the four thermocouples attached to the block. This approach

minimized heat losses to the ambient since the block was well insulated and the

temperature difference between the block and the ambient was small. The ambient

temperature remained fairly steady at 24.0± 0.5◦C throughout all the experiments.

Since the copper block was at a temperature near ambient, it was necessary

to supply water to the test section at a sub-ambient temperature so that it could be

“heated” as it passed through the test section. This was accomplished by using the

heat exchanger upstream of the test section to cool the water entering the test section

to a fixed temperature of 14.0± 0.1◦C. There was necessarily some heat gain as the

fluid traveled through the tubing between the heat exchanger and the test section,

so the temperature of the auxiliary coolant going through the heat exchanger was
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adjusted as necessary such that the water was 14.0◦C at the test section inlet.

Because the test section inlet water temperature was fixed at 14.0◦C, it was

necessary to supply heat to the copper block in order to maintain it at 24.0◦C. Main-

taining the copper block at 24.0◦C in different experiments required adjustment of

the power supplied to the cartridge heater since different flow channel configurations

and test section pressure drops provided a different test section thermal performance.

Since the inlet water and block temperatures were the same from test to test, the

only variables being changed (i.e., the independent variables) were the flow channel

configuration and pressure drop. Thus, the heater power input measurements could

be used to make a direct comparison of the relative heat transfer performance ob-

tained with different pressure drops and channel configurations. This technique made

it possible to isolate the effect of complexity on the heat transfer. As discussed later

in §2.5.2, comparisons were made between the heater power input and the enthalpy

change to evaluate the validity of this technique.

2.3.3 Data Reduction

The raw data from an experiment was post-processed to determine the mass

flow rate (ṁ), test section pressure drop (∆P ), and pumping power (Ẇ ). By dividing

the change in mass of collected water by the period of a test, an average mass flow

rate over the test period was determined. Using the assumptions discussed above,

the test section pressure drop and the pumping power are given by ∆P = ρgh and

Ẇ = ṁ∆P/ρ, respectively, where ρ is the fluid density, g is the acceleration of

gravity, and h is the measured distance from the water level in the tank to the fluid

outlet tube. The density in each of these equations was evaluated at a representative

temperature, and deviations of a specific test temperature from this representative
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value were accounted for in the experimental uncertainty estimates.

The test section heat transfer rate was determined using two independent

methods. Using the heater power input, which was calculated from the power supply

voltage (V ) and current (I), the heat transfer, Q, is given by Q = V I. The heat

transfer based on the enthalpy change of the water flowing through the test section,

Q̂, is given by Q̂ = ṁc(Tout − Tin), where c is the liquid specific heat, and T is

the measured fluid temperature. A coefficient of performance (COP), defined by

COP = Q/Ẇ , was also computed. The COP is discussed in more detail in §3.2.3.

2.4 Measurement Uncertainty

Uncertainties in the experimental results were estimated using the uncertainty

analysis procedure given by Coleman and Steele [68]. Bias (systematic) and precision

(random) uncertainties of each measured variable were estimated separately and sub-

sequently combined using the root-sum-square method to yield an overall uncertainty

estimate for each quantity. For the calculated quantities such as flow rate and pres-

sure drop, the bias and precision uncertainties were separately propagated through

the data reduction equations before combining. All uncertainty estimates were made

at the 95% confidence level.

2.4.1 Instrument Calibration and Uncertainty

The thermocouple probes used to determine the temperatures of the water en-

tering and exiting the test section were calibrated over the range of temperatures cov-

ered in the experiments. To perform this calibration, the thermocouples were placed

in a stirred, constant-temperature water/glycol bath along with a high-accuracy ref-

erence thermometer (Fluke Model 1523 readout with a precision thermistor probe).
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The reference thermometer readout and the thermistor probe were calibrated as a

pair by the manufacturer, and have a combined uncertainty of ±0.013◦C.

The surface temperature thermocouples that were used for the experiments to

be described later in Chpt. 5 were also calibrated. Because these sensors could not be

submerged in liquid, they were calibrated using a dry block method. The sensors were

attached to an aluminum block and the reference temperature probe was installed in

a hole bored in the block. The block was insulated on all but the bottom side and

placed on a hotplate which was used to vary the block temperature.

The thermocouple outputs were connected to the data acquisition system as

they were in the experiments, so that the entire measurement system could be cal-

ibrated as a whole. The inherently lower uncertainty of the Type T thermocouple

combined with calibration and use over a small temperature range made it possible

to achieve an uncertainty of ±0.1◦C for the calibrated thermocouples.

The following is a summary of the calibrations performed on the remaining

facility instrumentation:

• The balance was calibrated over its full range using a standard mass provided

by the manufacturer.

• A digital pressure gauge was used to measure the microvalve control pressure for

the experiments to be described later in Chpt. 4. Using the carefully measured

height of a water column as a standard, this gauge was calibrated over the

specific range of use (0–200 mbar). Outside of this range, the manufacturer

specifications were used.

• The power supply was not formally recalibrated; however, the power supply

current and voltage readings were periodically checked against a high-accuracy
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multimeter to verify that they were operating within the manufacturer’s speci-

fications.

• The thermocouples used to measure the temperature of the copper block and

ambient temperatures were not calibrated. The uncertainty for these sensors

was based on manufacturer specifications.

Table 2.1 summarizes the overall uncertainties for each instrument used in the

experiments. The last column in this table indicates whether the uncertainty estimate

is based on a calibration or manufacturer specifications.

2.4.2 Calculated Parameters

In estimating the uncertainties of the calculated parameters, all of the instru-

ment uncertainties shown in Table 2.1 were considered to be bias errors. Also, as

mentioned above in §2.3.3, deviations of a specific test temperature from the repre-

sentative temperature used to determine the density were accounted for by assigning

a bias error to the density.

Table 2.1. Uncertainties of the facility instrumentation.

Instrument Overall Uncertainty Data Source

Test section inlet temp. TC ±0.1◦C Calibration
Test section outlet temp. TC ±0.1◦C Calibration
Surface temperature TC (Chpt. 5) ±0.1◦C Calibration
Test fixture copper block TC ±0.5◦C Mfg. Spec.
Ambient temperature TC ±0.5◦C Mfg. Spec.
Electronic balance ±0.02 g Calibration
Digital pressure gauge (Chpt. 4) ±3 mbar (0–200 mbar) Calibration

±34 mbar (> 200 mbar) Mfg. Spec.
Power Supply ±0.2% of reading + 0.02 V Mfg. Spec.

±0.5% of reading + 0.005 A Mfg. Spec.
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In most cases, precision errors were made negligibly small by averaging a suf-

ficiently large number of readings. However, precision uncertainties were considered

in cases where measurements were made based on a single reading. For example, a

precision uncertainty of ±1 mm was used for the measurement of the supply reservoir

water level (h) since this distance was determined from a single reading of a tape

measure. A precision uncertainty of ±0.5 second in the time intervals used to deter-

mine the mass flow rate was included to account for the time stamp resolution in the

recorded data. Other precision uncertainties were based on instrument resolutions.

The range of relative uncertainties for each of the calculated parameters in

the fixed complexity experiments (see Chpt. 3) are summarized in Table 2.2. This

table shows the smallest and largest uncertainties for each parameter over all of

the experiments. The uncertainties for pressure drop, mass flow rate, and pumping

power are all less than 1%. For the heat transfer rates estimated from the enthalpy

change (“calculated” heat transfer), the uncertainties were dominated by biases in

the temperature measurements, which were particularly significant in cases where

the magnitude of the inlet to outlet temperature difference was small (i.e., lower

complexity designs). The uncertainty in the heater power was mostly due to bias in

the current readings obtained from the power supply. Since the COP is based on the

heater power, it likewise reflects a similar level of uncertainty.

The experiments performed on the fixed complexity and AVC test sections

(see Chpt. 4) were very similar, and, as a result, the ranges of uncertainty for the

AVC experimental parameters are the same as shown in Table 2.2. Uncertainties in

the measurements of the average membrane deflection were dominated by precision

uncertainty since there were only three repeated runs to average for each membrane

thickness. Based on the standard deviations of the three runs, the uncertainty in
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Table 2.2. Uncertainty estimates for the calculated parameters in the fixed
complexity experiments presented in Chpt. 3.

Parameter

Minimum
Uncertainty

[%]

Maximum
Uncertainty

[%]

Pressure drop (∆P ) 0.1 0.3
Mass flow rate (ṁ) 0.2 0.7

Calculated heat transfer rate (Q̂) 2.9 16.8
Heater power (Q) 4.6 6.7

Pumping power (Ẇ ) 0.2 0.7
COP 4.6 6.7

membrane deflection ranged from 8–39 µm.

In the plots shown in Chpts. 2–4, error bars have been included to indicate

uncertainties. Note that in some cases, error bars are not shown on every individ-

ual data point in a series to avoid obscuring the figures (e.g., Fig. 4.2). Also, for

experiments with repeat data sets (e.g., Fig. 3.5), error bars are only shown on the

primary data set. Error bars for pressure drop, mass flow rate, pumping power, and

temperature are not large enough to be visible in the plots. Additionally, the error

bars in Figs. 4.4 and 4.5 are not visible.

Overall uncertainties were also estimated for the PVC experiments described

later in Chpt. 5. The overall uncertainty for the mass flow rate and pumping power

were in the range of 1%–3%. These uncertainties mainly depended on the magnitude

of the change in mass, so higher flow rates were associated with lower uncertainties.

Also, this range of uncertainties is larger than those in Table 2.2 because the mass flow

rates were lower in these experiments. The overall uncertainty in the heat transfer

rate (based on the fluid enthalpy change) was 3%. Error bars for the plots in Chpt. 5

are not visible.
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2.5 Facility Verification

Two functional checks of the experimental facility were preformed. The first

of these was a series of tests conducted to verify the flow rate and pressure drop mea-

surements. The second involved a comparison of heat transfer measurements obtained

from the heater power input and the fluid enthalpy change. These functional checks

were not a calibration of the measurement system, but rather they were intended to

confirm that the apparatus and measurement techniques were providing reliable data.

These tests also made it possible to evaluate the two key assumptions underlying the

measurement techniques (§2.3): (i) most of the pressure drop within the flow system

occurs in the test section, and (ii) heat losses from the copper block are negligible.

2.5.1 Flow Rate and Pressure Drop

To check the flow rate and pressure drop measurements, the entire test sec-

tion assembly (including the inlet and outlet needles) was replaced with a section of

round Teflon (PTFE) capillary tubing having a nominal internal diameter of 1/32

inch (0.794 mm) and a length of 58.4 cm. All of the flow system upstream and

downstream of the capillary tubing remained identical to the configuration used in

the experiments. The tubing dimensions (long with a small internal diameter) were

chosen so that fully-developed laminar flow conditions could be obtained over almost

the entire tubing length at head pressure and flow rate conditions typical of those

used in the experiments. Thus, a direct comparison could be made between the cap-

illary tube flow tests and the theory for fully-developed laminar pipe flow, where

∆P = 128νLṁ/(πD4) [17]. These verification tests were performed over a range of

flow rates that bracketed the values in the experiments (1.3–16.2 g/min).

Because of the strong dependence of the pressure drop on diameter in a laminar
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flow (i.e., ∆P ∼ D−4), small variations from the nominal internal tubing diameter

can significantly affect the flow rate comparisons. Since there was no practical way to

directly measure the actual internal diameter along the whole length of the tube, an

effective internal tubing diameter was determined indirectly. This was done by finding

a value ofD that provided a zero average difference between the measurements and the

theoretical prediction for the three repeated data points obtained at the lowest flow

rate. Only the data from the lowest flow rate was used in this process because it was

assumed that any flow-related factors causing a difference between the measurements

and predictions would be minimal at the lowest flow rate. The effective internal

diameter of the capillary tube was found to be slightly less than the nominal value

(i.e., 0.793 mm vs. 0.794 mm), a difference of 0.1%. Without this adjustment (i.e.,

using the nominal internal diameter), the average difference between the measured

and predicted pressure drop is 0.5% at the lowest flow rate.

The data obtained from the capillary tube flow tests is compared with the

theoretical predictions in Fig. 2.6. Several sets of data were obtained to assess the

repeatability of the measurements (i.e., to determine if returning the supply reservoir

to a given position yields the same flow rate each time). The theoretical predications

based on the effective internal diameter are shown by the solid line. The agreement

between the measured and predicted values is seen to be good at the lower flow rates,

but there is some deviation as the flow rate increases. For flow rates less than 10

g/min, differences are less than 2.5%, and, above 10 g/min, the difference increases

to a maximum of 12%. Although no specific cause of this difference could be found, it

did not appear to be associated with pressure drops in the system at locations other

than the test section. It is likely that this discrepancy was caused by the reducing

fittings used to couple the capillary tubing to the larger facility tubing. The impact
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on the experimental results of any possible added uncertainty in the pressure drop

measurements at higher flow rates is minimal as only four test points in the entire

experimental program have flow rates greater than 10 g/min. (As discussed later in

§3.2.1, all of the test points with a flow rate in excess of 10 g/min were associated

with the single-channel, non-branched design.)

2.5.2 Heat Transfer

As a check on the heat transfer measurement technique, the heater power

input was compared with the enthalpy change of the water flowing through the test

section. This comparison is shown in Fig. 2.7 for the fixed complexity experiments and

in Fig. 2.8 for the active variable-complexity experiments which are presented later
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Figure 2.6. Measured pressure drop from the functional test performed to
evaluate the experimental apparatus. Solid line shows the pressure drop pre-
dicted for fully-developed laminar flow in a round tube.
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in Chpts. 3 and 4, respectively. A line with unity slope indicating ideal agreement

of the two methods is plotted for reference. Taking into account the experimental

uncertainties, the results of the two methods are seen to be consistent. These results

verify that the assumption of negligible heat loss in the copper block is reasonable,

and thus the heater power measurements are taken as the best estimate of the heat

transfer rate and are used in presenting all the results that follow. Additionally,

the heater power measurements were preferred as experience with the experimental

apparatus showed that the positioning of the thermocouples could affect the inlet and

outlet fluid temperature measurements.
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Figure 2.7. Comparison of heat transfer measurement methods showing
heater power input and the fluid enthalpy change (calculated heat transfer)
for the fixed-complexity experiments. Solid line has unity slope and shows
ideal agreement. For clarity, error bars are shown only on selected points.

42



0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

C
a

lc
u

la
te

d
 H

ea
t 

T
ra

n
sf

e
r 

R
a

te
 [

W
] 

Heater Power [W] 
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heater power input and the fluid enthalpy change (calculated heat transfer)
for the active variable-complexity experiments. Solid line has unity slope and
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Chapter 3

Performance of Fixed-Complexity Branched Flow

Structures1

The investigation into the effects of complexity on complex flow structure

performance (Objective 1) is described in this chapter. For this work, a set of fixed-

complexity, liquid-cooled microfluidic test sections was designed and fabricated. All of

the test sections were nominally identical except for the complexity of the underlying

branched microchannel configuration, which ranged from a single straight channel

up to three branching levels. A series of experiments was performed to evaluate the

thermal-hydraulic performance of each test section in this family. Since only the

complexity was being changed in each test section, this approach made it possible to

isolate the effects of complexity on the relative performance of the test sections.

It is important to note that the goal of this investigation was not to produce a

device capable of cooling high heat flux components (e.g., a heat sink), but rather it

was to build a simple device that could be used to examine the effects of complexity

at the microscale. Although the test sections produced could function as heat sinks,

maximizing heat transfer performance, optimizing the microchannel layout, and com-

paring efficiencies with other flow configurations were beyond the planned scope of

this research.

1Substantial portions of the material in this chapter have previously been published in [69].
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3.1 Test Articles

The experiments in the present study were performed on a series of test sec-

tions each of which measured 10.0 mm square and contained a branched microchannel

configuration of specified complexity. The test sections were monolithic devices man-

ufactured from silicon and PDMS using a multi-layer design that was developed as

a part of this investigation. Additionally, the test sections were designed such that

each device was independent and modular, and the heat transfer surface area was

fixed across all the designs (i.e., constant for all complexities). The former features

facilitated fast and consistent installation of the different complexity test sections in

the experimental apparatus, and the latter eliminated the dependence of the thermal

performance on area.

3.1.1 Design

The flow channel configuration used in the test sections consisted of a series

of microchannels with rectangular cross-sections and branching angles of 90◦. This

configuration is similar to those considered in other investigations [6, 7, 16, 17, 33, 70].

There is a multitude of potential complex flow system layouts, of which the one con-

sidered here is an example. This particular configuration was chosen because it is

relatively simple to design and fabricate and is well-suited for use in rectangular do-

mains. Additionally, this configuration is one that is commonly studied, so previously

published research is available.

Four different complexities were tested, covering the range of zero (i.e., a

straight rectangular channel) to three bifurcation levels. Defining the variable N as

the complexity of the flow arrangement (equal to the number of bifurcation levels),

these designs are referred to here as N = 0, N = 1, etc. The channel arrangements
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tested are shown schematically in Fig. 3.1.

Figure 3.2 shows an example of the channel configuration and its main di-

mensions for the N = 2 design. The dimensions of the individual microchannels

were generated by maintaining fixed ratios of length and hydraulic diameter between

consecutive bifurcation levels. The lengths, Lk, and hydraulic diameters, dk, of the

microchannels are defined by the recursive relationships

Lk+1

Lk

= 2−1/2 (3.1)

dk+1

dk
= 2−1/3 (3.2)

where k indexes the bifurcation level and ranges from 0 to N , with k = 0 representing

the channel where flow enters. The actual width, wk, of each rectangular microchannel

is determined from the computed hydraulic diameter using the relationship

wk =
Hdk

2H − dk
(3.3)

where H is the channel depth, which was taken to be 200 µm for all the designs. The

depth H had to be kept the same for all branching levels of all the test sections due

to the fabrication method used as discussed earlier in §2.1.

 

 (a) (b) (c) (d)  

Flow 

Channel 

Flow Flow 

Figure 3.1. The four flow structures tested in the fixed-complexity exper-
iments. The flow channel configurations (a–d) increase in complexity from
N = 0 to N = 3.
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Figure 3.2. Layout and dimensions of the branched microchannel configura-
tion used in the test sections. The example shown is for the arrangement with
two bifurcation levels.

These design rules in Eqs. 3.1 and 3.2 are commonly used for designing complex

flow structures. They can be derived from either biomimetic [21–23] or constructal

theory arguments [16, 28, 29, 70, 71]. Although relationships of this type have been

shown to optimize hydraulic performance in specific problems, they likely do not

represent any type of optimal design in this situation. However, since the goal was

to study one typical complex flow structure, there was no need to seek an optimal

design. These equations provide a means of selecting the design dimensions in a way

that maintains consistency with prior work in this field.

The dimensions of the microchannels for all four test section designs are sum-

marized in Table 3.1 and these dimensions are illustrated on the drawing shown in

Fig. 3.2 for one complexity level. The calculation of a set of channel dimensions for a
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given complexity requires specification of L0 and d0. Using these two dimensions as

a starting point, the remaining (i.e., higher complexity) channel dimensions for the

lengths and hydraulic diameters of all other branches can be computed from Eqs. (3.1)

and (3.2). Once the hydraulic diameters were known, the channel widths could be

found from Eq. (3.3). In all of the designs, L0 was taken to be 3.5 mm, which gives

an inlet (k = 0) microchannel that originates 1.5 mm from the edge and extends to

the center of the square area. All channel lengths are referenced to the centerlines of

the intersecting channels. The aspect ratio (H/wk) of each channel is also shown in

Table 3.1.

Using an iterative solution process, the inlet channel hydraulic diameter, d0,

was chosen such that the planform areas of the resulting microchannel patterns were

the same for all complexity levels. In other words, the same fixed area was distributed

over the footprint of each channel configuration. Since the design of the test sections

Table 3.1. Design dimensions for the test sections of each complexity level.

N
H

[mm]

Planform
Area
[mm2]

Branching
Level

Lk

[mm]
dk

[mm]
wk

[mm]
Aspect
Ratio

0 0.200 2.80 k = 0 3.500 0.320 0.800 0.25

1 0.200 2.80 k = 0 3.500 0.280 0.464 0.43
k = 1 2.475 0.222 0.249 0.80

2 0.200 2.80 k = 0 3.500 0.242 0.307 0.65
k = 1 2.475 0.192 0.185 1.08
k = 2 1.750 0.152 0.123 1.62

3 0.200 2.80 k = 0 3.500 0.208 0.218 0.92
k = 1 2.475 0.165 0.141 1.42
k = 2 1.750 0.131 0.098 2.04
k = 3 1.237 0.104 0.071 2.84
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(discussed next) was such that all of the heat transfer could be assumed to occur

at the bottom surface of the channel, this constraint was applied to make the heat

transfer surface area constant across all the complexities.

As shown schematically in Fig. 3.3(a), the test sections have a multi-layer

structure composed of a silicon layer, a channel layer, and a plenum layer. The

silicon layer is a 10.0 mm square, cut from a 0.65 mm thick silicon wafer. Above this

is the channel layer, which is made of an approximately 2 mm thick sheet of PDMS

containing an imprint of the desired microchannel pattern on the bottom face. When

these two layers are joined, the result is a system of rectangular cross-section flow

channels with a silicon bottom and PDMS sides and top. Because of the low thermal

conductivity of PDMS (approximately 0.15 W/m K) as compared to silicon (148

W/m K), it is assumed that all of the heat transfer occurs within the area covered

by the channels (i.e., at the bottom surface of the channels). Due to the fixed-area

constraint applied in the design, this surface area was the same for all complexities.

Vertical through holes, aligned with the ends of the microchannels, allow fluid

to flow in and out of the microchannels. To avoid excessive pressure drops, the

diameters of the holes were at least as large as the width of the corresponding channel.

Also, because the resulting holes added some additional heat transfer area on the

silicon layer surface, the sizes of the needles used to make the holes (combinations of

18 ga., 20 ga., and 21 ga.) were carefully chosen so that the total added area was

approximately the same for all complexities.

The plenum layer is an approximately 4 mm thick block of PDMS, which has

a 200 µm deep cavity in the bottom face. When assembled, this cavity, which is the

same size in all designs, aligns with the pattern of outlet holes in the channel layer

to form an exit plenum where the flow streams coming from each of the individual
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 (a) 
 

 

 (b) 

Figure 3.3. A fixed-complexity test section: (a) Exploded schematic showing
the three layer structure for the N = 2 design and (b) Photograph of an
assembled device.
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microchannel outlets are recombined. Two curved, blunt-tip 20 ga. needles (Loctite

Model 98250) that serve as the fluid interconnects are inserted into holes in the

plenum layer. One of these holes connects to the exit plenum while the other aligns

with a corresponding hole at the end of the inlet microchannel. Figure 3.3(b) is a

photograph of a completely assembled device.

The test sections included several design features that address some of the chal-

lenges encountered when attempting to fabricate a device using a system of bifurcated

flow channels. One particular challenge is the need to recombine the streams from

all the microchannel outlets, which are distributed over the heat transfer area. The

present design allows for the microchannel outlets to flow into a common exit plenum

at the top of the test section. This simplifies the design by reducing the number

of fluid interconnects needed, which is particularly beneficial for higher-complexity

arrangements. Consequently, the resulting interchangeable test sections have a single

fluid inlet and a single outlet located on top of the device while the bottom surface is

available for attachment to a heat source (see Fig. 3.3). Although the present design

shares some features in common with the heat sink tested by Chen and Cheng [51],

the materials and techniques of construction as well as the use of an exit plenum

represent important differences.

In addition to simplifying the design, the embedded exit plenum offers several

other advantages, which include the following:

• The exit plenum helps to maintain a similar exit pressure for all of the mi-

crochannels, thus minimizing the possibility of preferential flow through part of

the system.

• Because of the relatively low thermal conductivity of PDMS, conduction of heat
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from the silicon layer through the upper PDMS layers is minimized, helping to

ensure that the majority of the heat transfer is due to the fluid flowing through

the microchannels.

• The PDMS is optically clear, allowing for visualization of the flow within the

device.

3.1.2 Fabrication

The test sections were fabricated using the techniques described in §2.1. After

all the components were prepared and the through holes punched, the first assembly

step involved bonding the silicon and channel layers. In the second assembly step, the

plenum layer was bonded to the channel/silicon layer subassembly. Afterward, the

test section was completed by adding the needles that served as the fluid interconnects.

3.1.3 Devices Tested

To help ensure that factors such as component alignment, internal leakage,

or channel blockages were not influencing the results, two separate but identical test

sections of each complexity were fabricated and tested in order to assess the repeata-

bility of the results. The duplicate test sections were constructed from a different set

of components and were assembled in a completely separate process. In the results

presented in this chapter, each test section is identified with a code of the form TSB-

ij. The first index in this code (i) indicates the complexity level of the device, and

the second index (j) is a serial number used to distinguish test sections of identical

complexity.

As discussed in §2.5.1, the cross-section dimensions (i.e., diameter or hydraulic

diameter) strongly affect the hydraulic behavior in a fully-developed internal laminar
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flow. Since the depth of the microchannels tended to vary slightly depending on where

a particular channel arrangement was located on the mold (see §2.1), the depth of the

microchannels in the PDMS channel layer of each test section was verified during the

assembly process. Measurements were made with a stylus profilometer to determine

the depth of the inlet (k = 0) microchannel. The physical size of the profilometer

stylus prevented its use in measuring any of the smaller channels in a design. As

shown in Table 3.2, the microchannel depth measurements revealed variations of up

to 9% from the design value (200 µm). However, the components for the primary and

repeat test articles were chosen so that the depths of the microchannels at a given

complexity level agreed within ±2 µm. The manufacturer’s stated uncertainty of the

profilometer measurements is ±0.0005 µm.

Table 3.2. Measured depth of the inlet (k = 0) channel for all of the test
sections.

Test
Section Complexity (N)

Depth
[µm]

TSB–01 0 182
TSB–02 0 184
TSB–11 1 193
TSB–12 1 194
TSB–21 2 202
TSB–22 2 203
TSB–32 3 201
TSB–33 3 199

In contrast to the depth, the fabrication technique made it possible to tightly

control the microchannel widths and lengths (in-plane dimensions) since these dimen-

sions were optically reproduced from the photomask. The widths and lengths of the

microchannels on a sample of the components were verified using a microscope-based
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measurement system. On average, these dimensions matched the design dimensions

to within about ±20 µm. Because these measurements required manually indicating

distances on microscope images, it is likely that the majority of the ±20 µm average

difference was due to uncertainties in the measurement process rather than actual

deviations of the microchannel dimensions. Note that even though the planform area

of the microchannels is the same for all complexities, the volume occupied by the mi-

crochannels varies slightly due to the variations in depth and thus is not completely

constrained as in some theoretical studies [1, 16, 29].

3.2 Effects of Complexity

The testing was performed using the apparatus and procedures discussed pre-

viously in Chpt. 2. A test run consisted of setting the head tank elevation, adjusting

the system controls to achieve the desired inlet water and copper block temperatures,

and then recording data for a five minute period once the system reached steady state.

During the data recording period, no adjustments were made to any test controls.

Using this procedure, each test section was evaluated at the same four differential

pressures (approximately 49, 79, 108, and 172 mbar), corresponding to four fixed

head tank positions. Mean values of the measured quantities (except mass) over the

five-minute test period were used in all subsequent calculations.

In all of the experiments, the upstream heat exchanger was used to set the

inlet water temperature at 14.0◦C and the average temperature of the copper block,

as measured by the four attached thermocouples, was set at 24.0◦C. Deviations

from these temperature setpoints were less than ±0.1◦C in all tests. With this test

procedure, the effect of complexity on heat transfer performance of the various test

sections could be directly compared since each device was subjected to the same
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heater and inlet fluid temperatures.

3.2.1 Hydrodynamic Performance

Figure 3.4 shows the measured pressure drop for each test section as a function

of mass flow rate. Results are presented for two test articles (i.e., primary and repeat

test) at each of four different complexity levels (N = 0, 1, 2, 3). Data for a given

complexity level is represented by the same shape symbol with open and filled symbols

used to distinguish the primary and repeat tests. The flow in all the channels was

in the laminar regime, with Reynolds numbers based on hydraulic diameter ranging

from 18 to 487 over all of the experiments. For each complexity, the pressure drop

increases with mass flow rate as expected.
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Figure 3.4. Pressure drop for test sections with different flow system com-
plexities. The data markers for TSB-33 are barely visible as they are nearly
coincident with the markers for TSB-32.
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The data indicates that increasing complexity has two effects. First, a more

complex flow structure will have a higher pressure drop at a given mass flow rate.

Second, the pressure drop increases more rapidly with mass flow rate as complexity

increases. Consequently, at a fixed mass flow rate, the change in pressure drop from

one complexity to the next increases rapidly as the complexity grows. These results

are consistent with the expectation that, at a given mass flow rate, the pressure drop

should increase with complexity due to the increase in both the microchannel path

length and number of bifurcations. Additionally, due to the area constraint, the

widths (and thus hydraulic diameters) of the microchannels at the same bifurcation

level become smaller as the complexity increases (see Table 3.1) contributing to the

observed increase in pressure drop with complexity at a given mass flow rate.

Comparison of the data from the two samples at each complexity level shows

that the repeatability is particularly good for the N = 1 and N = 3 complexities,

with many of the data points being almost coincident. For the N = 0 and N = 2

complexities, there is a small offset between the two data sets that is not completely

accounted for by experimental uncertainty. Investigation of the reasons for these

comparatively larger differences did not reveal any functional problems with the test

sections (e.g., a channel blockage) and it is believed that the differences are most

likely attributable to dimensional, manufacturing, and/or alignment factors. Since

these factors were fabrication-related and not a part of the measurement process, they

were not included in the uncertainty analysis.

3.2.2 Thermal Performance

The experimental heat transfer results are shown in Fig. 3.5. Again, the four

series of symbols correspond to the different test section complexities, with filled and
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open symbols indicating data from the primary and repeat tests, respectively. Similar

to the hydrodynamic results presented in Fig. 3.4, the heat transfer data points also

fall along four distinct curves corresponding to the complexity of the microchannel

configuration. The heat transfer rate is seen to increase with both mass flow rate and

complexity. Consequently, a higher heat transfer rate can be achieved at a given mass

flow rate by using a more complex microchannel configuration. Or, viewed another

way, a specified heat transfer can be achieved with less mass flow if a more complex

configuration is used.

An additional observation from the heat transfer data is that as the mass flow

rate decreases, the individual curves appear to merge suggesting that complexity has

less of an effect on the heat transfer at low flow rates. A possible explanation for this
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Figure 3.5. Thermal performance of test sections with different flow system
complexities. For clarity, error bars are not shown on repeat points.
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behavior is based on the experimental observation that as the flow rate is reduced

at a given complexity level, the outlet fluid temperature increases. Consequently,

the average difference between the water and silicon temperatures, which is directly

related to the amount of heat transferred, is also reduced. As this temperature

difference is reduced, flowing though additional levels of branching has less of an

effect on the resulting heat transfer.

The repeatability of the heat transfer data is very good, and, considering the

experimental uncertainties, no distinction can be made between the primary and

repeat data sets at each complexity level. This contrasts with the pressure drop data

presented in Fig. 3.4, in which variations between the primary and repeat tests were

noted for some complexities. It appears that a difference in mass flow rate between

the primary and repeat data points at a given complexity level is accompanied by

a corresponding change in heat transfer such that both sets of data collapse onto a

single curve.

The measured heat transfer rates are seen to be generally 1 W or less. As

discussed in §2.3.2, the heat transfer rate is not explicitly set in the tests, but rather

it shows how test sections of different complexities perform under an identical set of

thermal boundary conditions (inlet and copper block temperatures). Although higher

heat transfer rates are possible, it was not necessary to use such conditions in these

experiments because it is the relative, not absolute, performance of the test sections

that is of interest.

3.2.3 Assessment of Combined Thermal-Hydraulic Performance

Although the results presented in Fig. 3.5 show that microchannel complexity

has a significant positive effect on thermal performance, this data does not capture the
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“cost” of the heat transfer in terms of the pumping power input required to force the

fluid through the microchannel system. Taking pumping power into account makes

it possible to extract more meaningful comparisons of the thermal performance of

different complexities [16, 17].

To assess the results in terms of pumping power requirements, Fig. 3.6 presents

the heat transfer data plotted as a function of pumping power instead of mass flow

rate. In this plot, a line has been fit through the primary data set for each complexity

to illustrate the trends and to aid in the interpretation of the results. As with the

heat transfer results presented in Fig. 3.5, the primary and repeat data points for all

but the N = 2 case fall along distinct curves for each complexity.
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Figure 3.6. Heat transfer rate as a function of pumping power for different
flow system complexities. Lines are drawn through the primary data points
to illustrate trends. For clarity, error bars are not shown on repeat points.
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The trend is the same for each complexity and indicates that increasing the

pumping power at a given complexity level results in more heat transfer. Also, like

the heat transfer results, the distinctions between complexity levels are diminished

at the lower flow rates. Although there is some overlap of the uncertainty intervals,

especially at the higher complexities, the general trends of the data suggest that for

the range of parameters examined, increasing the complexity of the microchannel

flow system makes it possible to achieve a given heat transfer rate with less pumping

power. Alternatively, from the perspective of a fixed pumping power input, that

data shows that more heat is transferred as the complexity of the system increases.

Previous studies have shown similar relationships for the case of a fixed channel

volume [1, 6, 16, 17].

An alternative way to view how complexity affects performance is to use the

coefficient of performance (COP), also sometimes called a thermal efficiency or figure

of merit [1, 13, 40, 51]. The COP, defined by COP = Q/Ẇ , describes the ratio of

heat transferred to the pumping power required to achieve the heat transfer. Con-

sequently, it combines the hydrodynamic and thermal performance of a given test

section into a single dimensionless measure of performance. In making comparisons,

better performance is indicated by larger values of the COP, which indicate that a

test section has provided more heat transfer per unit input of pumping power.

The variation of the COP with complexity for all of the test sections is pre-

sented in Fig. 3.7, where the same symbols have been used for the data obtained

from the primary and repeat tests. Since each test section was run at the same four

differential pressures, there are four series of data corresponding to the test section

pressure drops. When plotted in terms of these parameters, the data set exhibits

excellent overall agreement between the primary and repeat tests with all differences
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being within the limits of the experimental uncertainty.

The data shows that for all the pressure drops tested, the COP increases with

complexity. Consequently, the best performance as indicated by the highest COP at

any of the pressure drop levels is obtained with the most complex flow structure. As

was the case with the heat transfer and pumping power shown in Fig. 3.6, increasing

flow system complexity appears to be beneficial. The trade-off that occurs between

heat transfer and pumping power as complexity is increased results in a net overall

increase in the efficiency of the device.

An additional observation that can be made from this data is that for a given

complexity, the highest COP is obtained when the pressure drop is the least and
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Figure 3.7. The effect of the flow system complexity on the coefficient of
performance at four fixed pressure drops. For clarity, error bars are not shown
on repeat points.
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increasing the pressure drop has the effect of reducing the COP. The change in COP

between successive complexity steps also becomes smaller as the pressure drop in-

creases. These trends in the data suggest that more performance benefit is derived

from increasing complexity when the device is operated at a lower pressure drop.

3.3 System Model

The experimental data was compared with the predictions of an analytical

model proposed by Escher, et al. [13]. Among the models that have been proposed

for complex flow structures [18, 38, 40, 41], the Escher model was more relevant to

the geometry and conditions in the present experiments. This model was developed

to predict both the hydrodynamic and thermal behavior of complex flow structures

consisting of bifurcated, rectangular cross-section channels. The developers of the

model validated it by comparison to the results of a full, 3-D numerical simulation,

but they did not make any comparisons with experimental data.

3.3.1 Application of the Existing Model

In the Escher model, the pressure drops along each channel are determined

using a one-dimensional correlation for hydrodynamically developing laminar flow in

straight, non-circular ducts [72]. Because of the disruption of the flow that occurs

at a bifurcation (see §1.3.1), the flow is assumed to redevelop at each branching

level. Consequently, the hydrodynamic and thermal boundary layers are assumed to

reinitiate following each bifurcation. This approximation is intended to capture some

of the effects of the secondary flow motion and mixing that occurs at each bifurcation

as observed in numerical simulations [3, 49]. The model also accounts for pressure

drops through the bifurcations using a term of the form ∆Pbif = Kbif

(
ρV̄ 2/2

)
, where
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Kbif is a constant (taken to be 1.3) and V̄ is the average velocity. The overall pressure

drop is determined by summing the contributions from the straight sections and the

bifurcations.

In Fig. 3.8, the model predictions are compared with the experimental data

shown previously in Fig. 3.4. The solid curves represent values of pressure drop versus

mass flow rate directly obtained from the model by using the average of the primary

and repeat test article channel dimensions at a given complexity level. Application of

the model in its original form does not yield good agreement between the predictions

and the experimental data. However, making some minor modifications to the model

gave the much better agreement shown with the dashed lines. These modifications

are discussed in detail in the following section.
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Figure 3.8. Prediction of pressure drop obtained from the system model.
Symbols show experimental data from Fig. 3.4 and lines show model predic-
tions for each complexity.
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The heat transfer component of the Escher model was not applicable in its

original form because of a difference in the thermal boundary conditions between the

model and the experiments. The Escher model assumed the fluid to be heated by all

four walls of the channel which did not match the situation with the test section in

which the heating occurred at only the lower wall. To address this issue, the heat

transfer coefficient correlation in the original model was replaced by one that was

more appropriate for the conditions in the experiments. This is discussed further in

the following section.

3.3.2 Model Improvements

Although development of a system model was not the primary focus of this

investigation, some modifications were made to the Escher model to improve the

hydrodynamic component and also to obtain predictions of the heat transfer.

3.3.2.1 Hydrodynamic Model

It was believed that the disagreement of the model predictions and experimen-

tal results could be attributed to additional pressure drops associated with the fluid

inlet and outlet paths within the test section. The original model only considered

the microchannel configuration itself, and there was no provision in the model for

the fluid inlet and outlet ports that are a necessary component of an actual device.

Therefore, an improved version of the model was developed by adding an additional

term to account for these pressure drops. In this extra term, the pressure drop due

to the flow though the inlet and outlet ports was modeled using the same form as the

bifurcations: ∆Pports = K
(
ρV̄ 2/2

)
.

The loss coefficient K was determined by individually matching the predicted
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and experimental pressure drops for each one of the eight experimental data points

for the straight channel (N = 0) design, and then averaging these values to determine

a unique K. Only the straight channel data was used to determine the loss coefficient

since this design did not include any bifurcations. By matching the results for a design

that did not involve bifurcations (i.e., a straight channel), it was assumed that any

difference between the experimental data and the model predictions were due to the

pressure drops in the fluid inlet and outlet ports. This process yielded a single value

of K = 18 which was then used to predict the results for all of the higher complexity

levels (N = 1, 2, 3).

As indicated by the dashed curves shown in Fig. 3.8, the agreement with the

experimental data is much better with the modified version of the model. (Recall that

the model was only forced to fit the N = 0 data.) It is also interesting to note that

the difference between the original and modified model curves becomes smaller as

complexity increases indicating that the effect of the inlet and outlet pressure losses

is becoming less important relative to the pressure drop within the microchannel sys-

tem itself. This result suggests that at the lower complexity levels, the inlet and

exit pressure drops can be significant (or perhaps even dominant) when compared to

the microchannel pressure drop. Finally, the validity of the assumption made in the

model of hydrodynamically developing flow was checked using the entrance length

correlation for non-circular ducts given by Muzychka and Yovanovich [72]. Applica-

tion of this criterion to the experimental data showed that the flow was developing

over a substantial length of most of the microchannels, and, in some cases, never

became fully developed.
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3.3.2.2 Thermal Model

Due to the difference in thermal boundary conditions, a more appropriate

heat transfer correlation was needed to properly model the experimental conditions.

After considerable searching, no suitable correlation could be found to describe the

heat transfer in a hydrodynamically and thermally developing flow in rectangular

duct heated on just one surface. The closest match was a correlation for a thermal-

hydraulic developing flow between parallel plates in which the bottom wall is at a

uniform temperature and the opposite wall is insulated. This correlation is given by

Shah and London [73],

Nu = 4.86 +
0.32(4x∗)−1.2

1 + 0.24(4x∗)−0.7 Pr0.17
(3.4)

where Nu is a mean Nusselt number and Pr is the Prandtl number. The dimensionless

channel length, x∗, is given by

x∗ =
L

dRed Pr
(3.5)

where Red is the Reynolds number based on the hydraulic diameter, d.

Using an approach similar to that in the thermal component of the Escher

model, the outlet temperature of the fluid in each segment of the flow structure

was calculated by employing the above correlation along with an energy balance

applied to each segment [17]. This approach also required properly accounting for

the mass flow rate in each segment, and it was assumed that the flow was split

evenly between the two flow paths at each bifurcation. Once the temperatures were

calculated throughout the system, the overall heat transfer rate for the flow channel

arrangement was estimated from the difference of the test section fluid inlet and

outlet bulk temperatures, Q = ṁc(Tout − Tin). In all the model calculations, the
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test section water inlet temperature was 14.0◦C and it was assumed that the silicon

surface temperature was constant at 24.0◦C.

A comparison of the experimental data (shown previously in Fig. 3.5) with

the predicted heat transfer rates from the model is shown in Fig. 3.9. Although the

model correctly predicts the general trend of the data, there are significant absolute

differences. On average, the agreement is within 19%. Since the mass flow rate, spe-

cific heat, and inlet temperature are known, the lack of agreement can be attributed

to inaccuracies in the theoretical calculations of Tout. This is not unexpected given

the uncertainties inherent in the Nu correlation and the fact that the correlation does

not exactly correspond to the actual experimental geometry. Also, as discussed in [3],

bifurcations may affect the convection heat transfer coefficient due to the creation of

secondary flows and local mixing.
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Figure 3.9. Prediction of heat transfer obtained from the system model.
Symbols show experimental data from Fig. 3.5 and lines show model predic-
tions for each complexity.
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The heat transfer model was also used to predict the test section outlet tem-

peratures for each experiment. In Fig. 3.10, the symbols represent the experimental

measurements and the curves are the model predictions. Although the model fails to

accurately predict the temperatures, it does correctly capture the overall behavior as

the mass flow rate is increased. The average difference in predicted and measured out-

let temperatures is 0.3◦C. This temperature inaccuracy leads to the 19% discrepancy

in the overall heat transfer. Consequently, for this range of conditions, the small inlet

to outlet temperature differences make it imperative to have a properly developed

heat transfer coefficient correlation in order to obtain accurate heat transfer results.

In summary, two key results were obtained from the modeling effort. First,
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Figure 3.10. Prediction of test section outlet temperature obtained from the
system model. Symbols show experimental data from Fig. 3.5 and lines show
model predictions for each complexity.
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the comparisons of experimental data and model predictions provide some additional

confidence in the experimental results by showing that the general trends and ranges

of values are consistent with the relevant physics. Second, the results provide some

further validation of the approach proposed in the Escher model.
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Chapter 4

Development of an Active Variable-Complexity

Branched Flow Structure1

From the results presented in the previous chapter, it can be seen that the ca-

pability to change the system complexity can be useful for controlling and maximizing

thermal-hydraulic performance. However, the configuration of each test section was

fixed, and, as a result, the flow channel configuration could only be changed by using

a physically different test section. It would therefore be beneficial to have a variable-

complexity flow structure. To create a variable-complexity flow system (Objective 2),

a design was developed in which externally actuated microvalves are used to control

the flow channel configuration. In the resulting active variable-complexity (AVC) test

section, the flow path was controlled by opening and closing various combinations of

valves with pneumatic signals. The design of the AVC test section makes it possible

to realize multiple flow channel configurations, and thus vary the flow system com-

plexity, all within a single microfluidic device. Although the valve control signals

were generated manually by syringe pumps for the present experiments, in an actual

application, actuation might occur based on a control algorithm responding to input

from various sensors.

1Substantial portions of the material in this chapter have previously been published in [74].
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4.1 Test Articles

To demonstrate the AVC concept, a prototype microfluidic device was fabri-

cated from silicon and PDMS components and packaged to create a modular, mono-

lithic test section. This device is based on the design of the test sections considered

in Chpt. 3 with modifications made to incorporate the microvalves that are used to

control the flow configuration. The AVC test section has the same overall dimensions

(10 mm square) as the fixed complexity test section as well as a similar multi-layer

design. For simplicity and to demonstrate the concept, the AVC test section had a

tee-shaped flow channel configuration with only a single 90◦ bifurcation; however, the

same design could, in principle, be extended to higher-complexity configurations.

A significant part of developing the AVC device centered around the mi-

crovalves. This effort involved selecting an appropriate type of valve, creating a

design to incorporate the valve into the test section, and developing the fabrication

techniques needed to build the test article. Microvalves are one of the main tech-

niques used to control flow in microfluidic devices [58] and there are many designs

available, as discussed in the review by Oh and Ahn [75]. In the valve design used in

the AVC test section, the deflection of a thin PDMS membrane against a seat opens

and closes a flow port. Numerous membrane valve designs have been proposed and

tested [67, 76–82]. Although none of these were suitable in their original form, an

adapted version of these concepts was used in the present design.

4.1.1 Design

Figure 4.1 shows the AVC test section designed and fabricated for this inves-

tigation. The internal details of the test section structure are shown in the sectioned

assembly drawing on the left-hand side of Figure 4.1(a). The right-hand side of Fig-
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ure 4.1(a) shows top and bottom views of each of the individual layers that comprise

the device. This figure illustrates one of several possible sets of valve open/closed con-

figurations that can be obtained by applying either pneumatic pressure or vacuum

to the three individual microvalves. The two detailed views on the left-hand side of

Figure 4.1(a) show valves in the open and closed states. Figure 4.1(b) is a photograph

of a completely assembled AVC test section, which measures 10 mm square by 9 mm

high. Finally, Figure 4.1(c) shows the dimensions in millimeters of the flow channel

arrangement.

In Figure 4.1(a), the individual layers in the AVC test section are identified

with circled numbers. Corresponding to these numbers, the description of each layer

is as follows:

(1) Silicon Layer: This layer, which is made from a 10 mm square piece of silicon

cut from a 0.65 mm thick wafer, forms the bottom of the device. When the

test section is attached to a heat source, heat is readily transferred through this

layer to the fluid flowing in the microchannels above it due to the relatively

high thermal conductivity of the silicon.

(2) Channel Layer: This layer is an approximately 2 mm thick sheet of PDMS,

which has an imprint of the microchannel pattern on the bottom face. When

joined to the silicon layer, the result is a sequence of rectangular cross-section

microchannels, which have a silicon bottom and PDMS sides and top. Vertical

through holes aligned with the ends of the microchannels and at the junction

between the channels provide a fluidic connection to the layer above. The

dimensional details and layout of the microchannels are shown in Figure 4.1(c).

Measurements made with a stylus profilometer showed that the depth of the
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Figure 4.1. The AVC test section. (a) Sectioned assembly drawing (left)
and exploded view (right) showing the multi-layer structure consisting of the
silicon layer (1), channel layer (2), seat layer (3), valve membrane (4), and
pocket layer (5). (b) Photograph of an assembled device. (c) Dimensional
details (in millimeters) of the microchannel arrangement.
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microchannels was 195 µm. The channel configuration used is identical to the

N = 1 design from the fixed complexity test sections described in Chpt. 3.

(3) Seat Layer: This layer is an approximately 2 mm thick sheet of PDMS, which

has two main features on the top face. The first of these are three identical

1.5 mm diameter circular bosses, which serve as seats for the valve membranes

above. Each of these bosses has its top surface on the same plane as the top

surface of the layer. A hole punched in the center of each valve seat aligns with

a corresponding hole in the channel layer allowing fluid to flow upward from

the microchannels below (when the valve is in the open position). The second

feature is a 160 µm deep rectangular cavity surrounding the valve seats. This

cavity serves as an exit plenum where the flows exiting from the open valves

are recombined so that they can leave the AVC test section through a single

exit port. Notice that the bottom surface of layer 3 and the top surface of layer

2 are flat (i.e., featureless). Because of the fabrication technique used, it was

possible to only create features on one side of a PDMS sheet. Thus, bonding

these two flat surfaces was a convenient way of forming a PDMS block with

features on the top and bottom faces.

(4) Valve Membrane: This layer is a 48 µm thick PDMS membrane, which can be

elastically deformed by the application of either positive or negative pressure

(vacuum). Note that in the experiments described in §4.3 only, membranes with

two other thicknesses (36 and 57 µm) are considered.

(5) Pocket Layer: This layer is an approximately 4 mm thick PDMS block, which

has three identical circular cavities (pockets) on the bottom face. Each pocket

has a diameter of 2.0 mm and is 180 µm deep. After the membrane and the
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pocket layer are bonded, the membrane is supported everywhere except over the

pockets. Consequently, each of these pockets becomes a chamber in which the

pressure can be manipulated to control the deflection of the valve membrane

suspended over it. A series of three holes (one connected to each valve pocket)

punched through the PDMS block provides ports for the pneumatic valve control

signals. This layer was made thicker than the other layers in order to support

and provide a seal for the needles that serve as the fluid interconnects.

Each microvalve operates in response to the application of either a positive

pressure or vacuum to the pocket (chamber) above the membrane as shown in the

adjacent magnified views in the lower left corner of Figure 4.1(a). To close the valve,

pressure is applied through the control port forcing the valve membrane down against

the valve seat. When a vacuum is applied, the membrane is pulled away from the

seat and into the valve pocket thus opening a path for fluid to flow upward and out

of the valve port and into the surrounding exit plenum.

Some of the other key features of the microvalve and test section design are

summarized as follows

• Because the seat layer is formed by molding PDMS on a silicon wafer, the

resulting valve seat surface is very flat and smooth. Due to the excellent contact

between the surfaces of the membrane and seat, it was possible to achieve a

leak-free seal with only a modest control pressure (described later in §4.4.2).

• This design does not require a spring or similar element to move the membrane

back to the open or closed state upon removal of the control signal. Instead,

the membrane is toggled between the two states by changing from a positive

pressure to a vacuum, or vice versa.
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• With no pressure applied, the membrane rests on the valve seat, but testing

showed that a leak-free seal could not be obtained without the application of a

positive pressure to the membrane.

• The valve pocket diameter is 0.5 mm larger than the valve seat diameter. This

design feature allows for some alignment tolerance during assembly and reduces

the flow restriction at the outer edges of the valve seat when the membrane is

retracted into the pocket.

Connections to the AVC test section were made by using curved, blunt-tip

20 ga. needles, which were inserted into ports at the top of the assembly. Three of

these ports terminated in the valve pockets and were used for the pneumatic control

signals that opened and closed the individual microvalves. The remaining two ports

were used for the fluid inlet and outlet. The functions of the individual interconnect

needles are labeled in Figure 4.1(b). The inlet port passed completely through the

stack of PDMS parts (i.e., layers 2–5), and connected to the inlet of the microchannel

arrangement. The outlet port, terminating in the exit plenum, passed through layers

4 and 5. The test section has only five interconnects (one fluid inlet, one fluid outlet,

and three valve control ports), all of which are located on top, leaving the bottom

surface available for mounting the test section on a heat source.

The flow path through the AVC test section is shown in Figure 4.1(a). Water

entering the device flows vertically down through the inlet port, enters the end of

the first microchannel, and flows through the channel. After reaching the bifurcation

point, the flow path is determined by which valves are open and closed. As shown in

Figure 4.1(c), two of the three valves are centered over the ends of the microchannels

and the third is centered over the junction of the channels. Once the flow reaches an
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open valve, it travels upwards through the valve seat and into the exit plenum. The

exit plenum serves the same functions in this design as it did in the fixed-complexity

test sections discussed previously in §3.1.1. From the exit plenum, the water flows

upward through the outlet port.

4.1.2 Fabrication

Fabrication and assembly of the AVC test section utilized techniques and pro-

cedures very similar to those developed for the fixed-complexity test sections (see

§2.1). The PDMS components for the channel, seat, and pocket layers (layers 2, 3,

and 5) were manufactured using the soft lithography process. As discussed in §3.1.3,

measurements were made during the assembly process to either document or verify

the critical dimensions of the various features in the PDMS parts.

Because the desired thickness of the microvalve membrane was in the range

of 40–50 µm, a special fabrication procedure was required. Attempts to make mem-

branes by pouring a thin layer of PDMS on a silicon wafer or sandwiching a layer of

PDMS between two wafers were not successful. Also, the cured PDMS layer adhered

strongly to the wafer and could not be removed without tearing. Using a version of

the procedure discussed by Eddings [83], the membrane was fabricated by spin coat-

ing uncured PDMS on an acrylic (polymethylmethacrylate) disc. The PDMS was

prepared in the usual 10:1 ratio and dispensed on the disc. After spin coating for

30 seconds at 1750 RPM and curing in a 65◦C oven for approximately two hours, a

48 µm thick membrane was obtained. By using an acrylic substrate and cutting the

PDMS layer into manageable size pieces, the membranes could be easily lifted and

removed from the disc without damage.

The AVC test section was assembled by bonding one pair of components (lay-
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ers) at a time. The mating surfaces of the layers to be bonded were exposed to oxygen

plasma, then brought together and aligned. Alignment and orientation of the com-

ponents was aided by small alignment marks located near three of the four exterior

corners of each PDMS part. These marks (not shown in Figure 4.1) consisted of

0.5 mm diameter circles and were designed so that the circles on a pair of properly

aligned stacked parts would be coincident when viewed from above. These marks were

placed on three rather than four of the corners to indicate the proper orientation of

the components.

Assembly of the AVC test section from the individual components was per-

formed in a series of steps. The assembly procedure is as follows:

1. The channel and seat layers (layers 2 and 3) are bonded together.

2. The three microchannel exit holes (one centered in each valve seat) are punched

through the subassembly from Step (1) using a sharpened, blunt-tip 20 ga.

needle.

3. The three holes for the valve control ports (one centered in each valve pocket)

are punched through the pocket layer (layer 5) using a sharpened, blunt-tip 18

ga. needle.

4. The pocket layer is bonded to the valve membrane. Because of the tendency

for the thin membrane to crumple and tear as it was being handled, a special

technique was necessary for performing this step. The technique used was to

cut the membrane material while it was still on the acrylic disc and to remove

a piece that was slightly larger than the size of the pocket layer. This piece

was then transferred to a standard glass microscope slide for handling. After
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oxygen plasma exposure, the pocket layer was placed on the membrane, which

remained on the slide. Later, the excess membrane material was trimmed and

the bonded subassembly was removed from the slide.

5. The hole for the fluid exit port is punched through the subassembly from Step

(4) using a sharpened, blunt-tip 18 ga. needle.

6. The channel/seat subassembly (from Step (1)) and pocket/membrane subassem-

bly (from Step (4)) are bonded together. To prevent the valve seats from bond-

ing to the membrane during this step, the valve seats are covered with a piece

of transparent tape during the oxygen plasma exposure process.

7. The hole for the fluid inlet port is punched through the subassembly from Step

(6) using a sharpened, blunt-tip 18 ga. needle.

8. The entire PDMS subassembly from Step (7) and the silicon layer are bonded

together.

9. The needles used for the fluid interconnects are inserted.

4.2 Experimental Methods

Testing of the AVC test section was done with the apparatus and procedures

described in Chpt. 2. Some variations of these procedures and facilities were used

to characterize specific aspects of the AVC test section performance. These special

procedures will be described along with the respective data in subsequent sections.

The only significant change made to the experimental facility from its previ-

ous configuration was the addition of two syringe pumps (Chemyx Fusion 200) used
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for controlling the microvalves. Syringes mounted on these pumps actuated the mi-

crovalves by controlling the air pressure applied to the valve membranes. One of

the syringe pumps was used in the infuse mode to provide a positive pressure to the

valve(s) to be closed, and the other pump was used in the withdraw mode to apply a

vacuum to the valve(s) to be opened. A total of four syringes were available since each

syringe pump was equipped to hold and actuate a pair of syringes simultaneously.

Each one of the three separate pneumatic valve control lines (one for each

microvalve) was connected to one of the available syringes (one syringe was not used).

(See Fig. 2.2 in Chpt. 2.) Three standard bourdon-tube type compound pressure

gauges, one connected to each valve control line, were used for setting the valve

actuation pressures and monitoring the pressures to ensure that they remained steady

throughout a test run. These gauges were used to confirm that a valve was in the fully

open or fully closed position. For the tests in which a specific valve actuation pressure

was to be measured, a digital pressure gauge (Ashcroft Model 25D1005PS02L100) was

also connected to the valve control line.

4.3 Pneumatic Microvalve Characterization

To better understand the performance and limitations of the pneumatic mi-

crovalves in the AVC test section, a series of tests was performed to determine the

relationship between the applied control pressure and the PDMS valve membrane de-

flection. For these experiments, special membrane test articles consisting solely of a

membrane bonded to a pocket layer were fabricated so that the membrane deflection

could be visualized and measured. The experiments were performed using three test

articles, each of which had a different membrane thickness. Since each membrane test

section contained three microvalves (i.e., there were three valve pockets on a pocket
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layer), three independent test runs were conducted for each membrane thickness.

Fabrication of the membrane test sections was done using the same procedure

as described above in §4.1.2 (specifically steps 3 and 4). The PDMS used to manufac-

ture the membranes was mixed in a single batch in the usual 10:1 ratio by weight and

spin coated for 30 seconds onto three separate acrylic discs, each corresponding to a

different membrane thickness. Subsequently, the PDMS was cured in an oven for 2.5

hours at 65◦C. The membrane thicknesses were chosen to bracket the thickness of the

membrane in the AVC test section, and are as follows: 36 µm (spin coating speed =

2250 rpm), 48 µm (spin coating speed = 1750 rpm), and 57 µm (spin coating speed =

1450 rpm). The membranes were removed from each disc, bonded to a pocket layer,

and the assembly was placed in a 65◦C oven overnight prior to testing. Each mem-

brane test section was manufactured using a single piece of membrane material in

order to maintain consistency in the membrane thicknesses among the three adjacent

microvalves on the test section.

The test procedure for a microvalve consisted of increasing the control pres-

sure in discrete steps and measuring the resulting deflection of the membrane. The

control pressure was measured with a digital pressure gauge and the deflection was

photographed through a microscope. The microscope was aligned so that the test

section was viewed from an edge, and thus the membrane deflection occurred per-

pendicular to the viewing direction. The captured images were post-processed using

image analysis software to quantify the deflection. For each test, a syringe pump

was used to pressurize the membrane in approximately 100 mbar steps using an infu-

sion rate of 3.0 ml/min. Once a test pressure setpoint was reached, the infusion was

stopped and a photograph of the membrane was immediately taken. The time re-

quired to complete each pressure step was monitored and kept the same (20 seconds)
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for all tests to maintain consistency in the test conditions. Testing was continued

until membrane rupture occurred, and the peak hold feature of the digital pressure

gauge was used to capture the burst pressure.

The deflection curves for each of the three valve membrane thicknesses are

shown in Fig. 4.2 along with some representative photographs of the 48 µm thick

membrane at selected pressures. This figure shows the relative deflections as deter-

mined by subtracting the deflection at the first test pressure step (i.e., 100 mbar)

in each run from the series of data recorded for that run and then averaging the

three runs for each membrane thickness. In other words, this data shows the average

change in the membrane deflection from a reference position, which is taken to be the

deflection at the 100 mbar test pressure.

As shown in Table 4.1, the measured deflections at 100 mbar differed between

runs by as much as 100 µm. Because the changes in deflection with each test pressure

step were very similar across the three runs, processing the data in this manner results

in a considerably lower overall uncertainty in the deflection values as indicated by

the vertical error bars in Fig. 4.2. The differences seen in the 100 mbar deflections

are most likely a result of the fact that it was difficult to identify the position of the

membrane at the zero pressure condition consistently from run to run when analyzing

the images.

The data also shows that the membrane thickness does have an effect on the

resulting deflection, and, as would be expected, the amount of deflection at a given

control pressure increases as the membrane becomes thinner. Also, the differences

in deflections of the three membranes vary over the range of control pressures. The

results of additional tests (not shown) in which membrane deflections were measured

through a complete cycle of increasing and decreasing pressure steps did not indicate
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Figure 4.2. The effect of control pressure on the deflection of microvalve
membranes of different thicknesses. Inset photographs are images taken with
a microscope showing the deflection at three selected test points. For clarity,
error bars are shown only on selected points.

Table 4.1. Measured deflections of the microvalve membranes at the lowest
test pressure.

Membrane
Thickness

Membrane deflection at 100 mbar [µm]

Run 1 Run 2 Run 3

36 µm 302 252 352
48 µm 261 275 261
57 µm 307 297 211
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any significant hysteresis in the deflection.

The deflection data presented in Fig. 4.2 provides insight into the behavior that

can be expected from the valve membranes in the AVC test section. It is seen that

very large deflections (relative to the membrane thickness) can be achieved and that

the thin membranes can withstand the application of considerable pressure without

failure. For example, the membranes typically deflected by as much as 1 mm with

control pressures of up to 1.4 bar. (Recall that the deflections plotted in Fig. 4.2

are relative to an average reference deflection of about 280 µm, as obtained from

Table 4.1.)

The last (highest) control pressure shown in Fig. 4.2 represents the highest

pressure step for which deflection data was available from all three runs for a given

thickness. In all cases, at least one of the three microvalve membranes in a test

section ruptured before the next pressure step could be completed. The average

and standard deviation of the three burst pressure measurements for each membrane

thickness are shown in Table 4.2. Membrane failure in all tests occurred on the

valve pocket circumference where the membrane was bonded to the PDMS block.

The failure mode was always tearing of the membrane at this interface, and was not

delamination of the membrane from the block.

The experiments performed on the membrane test articles were intended to

establish some basic operating limits for the microvalves and to test the overall relia-

bility of the design. As will be discussed in the following section, for the flow (water)

pressures considered in this investigation, a range of control pressures from -70 mbar

to 200 mbar was found to be sufficient to fully open and close the valves. Due to

the test section design, the valve membrane rests against the valve seat and has to

move about 180 µm to fully retract into the valve pocket. These control pressures
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Table 4.2. Average and standard deviation of the microvalve membrane burst
pressures.

Membrane
Thickness

Average Burst
Pressure
[mbar]

Standard Deviation
of Burst Pressure

[mbar]

36 µm 1490 20
48 µm 1640 117
57 µm 1538 55

and the corresponding deflections are thus seen to utilize very little of the full range

of possible valve deflections and control pressures.

As shown in the photographs in Fig. 4.2, the membrane assumes a hemispher-

ical shape over the valve pocket as the control pressure is increased. This shape

combined with the ability to achieve large deflections allows for the membrane to seal

well against the valve seat, even if the seat has an irregular surface or is poorly aligned.

Also, the experiments showed that the bonding is sufficient to keep the membrane

from delaminating when it is pressurized. In fact, no membrane failures (ruptures or

delamination) occurred in any of the testing performed on the AVC test section. In

summary, this valve design appears to be quite robust and has capabilities to operate

at conditions far beyond those considered in this investigation.

4.4 Evaluation of the Variable-Complexity Design

To assess the AVC design and performance, three separate types of experi-

ments were conducted. The first of these were visualization experiments aimed at

verifying that the flow configuration was being controlled as expected. A second set

of experiments was performed to assess the function and flow control characteristics

of the AVC test section. The third group of tests was conducted to determine the hy-
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drodynamic and thermal performance of the various microchannel configurations that

can be obtained by using the microvalves to change the flow path through the AVC

test section. All of the experiments in the second and third groups were performed

with a single test article.

4.4.1 Flow Visualization

The functioning of the AVC test section was verified with a simple qualitative

visualization experiment in which the bottom surface of the test section was monitored

with an infrared (IR) camera (Flir SC655) while heated water flowed through the

microchannels. These tests were performed using a modified test section which was

identical to the one used in all of the other experiments except that the bottom silicon

layer was replaced with a 130 µm thick microscope cover glass. After assembly,

the bottom (exterior) surface of the cover glass was coated with a high emissivity

(ε = 0.98) flat black paint. By using the IR camera to record the temperature field

on the bottom of this test section, it was possible to observe the flow path within

the device through the localized heating of the glass that occurred due to the flow

in the microchannels. Glass was used for the bottom layer of the new test section

because it has a much lower thermal conductivity than silicon, and consequently there

is less blurring of the features in the temperature field as a result of lateral conduction

within the material.

By opening and closing the microvalves in various combinations, different flow

paths through the AVC test section could be realized. The four flow path configu-

rations considered in this investigation, referred to as the center, tee, left, and right

configurations, are illustrated in Fig. 4.3(a). In this figure, the flow path is shown in

blue, and the states of the three microvalves (open or closed) corresponding to each
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flow configuration are noted.

Figure 4.3(b) presents IR camera images of the temperature field on the bottom

of the modified test section corresponding to the four flow configurations shown in

Fig. 4.3(a). In these pictures, the path of the heated fluid through the microchannels

is indicated by the red coloring of the hottest regions on the surface. As illustrated

by the center and tee configurations, flow channel arrangements with zero and one

bifurcation levels can be realized in this device. In principle, this design could be

extended to give a larger range of flow arrangement complexities by incorporation

of additional microvalves. These tests were not intended to provide any information

about the thermal performance of the actual test section, but rather the goal was

to simply verify that the flow within the device could be controlled so as to vary

the complexity of the underlying microchannel arrangement. Thermal performance

is discussed later in §4.4.3.

4.4.2 Flow Control Characteristics

In operating the AVC test section, it is important to know the minimum valve

control pressure that needs to be applied to completely close each of the microvalves.

To determine this, a series of tests was performed to measure the control pressure

required to close each valve against different fluid inlet pressures. The procedure used

for performing these experiments was to set the head tank at each of four elevations,

close two of the valves, and then increase the control pressure on the remaining valve

in small increments until the flow coming from the downstream end of the test section

stopped. The system was subsequently observed for a three minute period to verify

that there was no flow. For these and other tests in which there was no flow, the

distance between the fluid level in the head tank and the valve location within the test
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Figure 4.3. The complexity of the microchannel arrangement in the AVC test
section can be changed by opening and closing different valve combinations.
(a) Schematic illustration of the four flow configurations tested. (b) Images of
the bottom of a modified test section taken with an infrared camera to verify
the controllability of the flow configurations. Hotter regions of the surface
(red) show the effect of the internal flow.
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section was used to determine the static pressure applied to the closed microvalves.

In Fig. 4.4, it can be seen that the control pressure required for closure of

each valve increases approximately linearly with the inlet fluid pressure. The three

valves in the test section are identified as left, center, and right, as seen from the

perspective of the incoming flow. Differences among the results for the individual

valves (particularly the right valve) are most likely attributable to fabrication and

assembly tolerances. The solid line in Fig. 4.4 is a unity slope reference line, which

shows that the fluid pressure generally exceeds the control pressure at the point of

closure. Reasons for the two pressures not being equal could include cohesive forces

between the PDMS membrane and valve seat or curvature of the membrane. In all of

the experiments performed with the AVC test section, control pressures above these

minimums were used to ensure that the closed valves were leak-free, and that, as

a result, the fluid was following the expected flow path through the microchannel

arrangement.

Another series of experiments was performed to determine how the control

pressure affects the mass flow rate through each valve in the test section. In these

tests, two of the valves were closed, and a syringe pump was used to vary the control

pressure to the third valve in several discrete steps. In all of the tests, the head

tank was maintained at one position, corresponding to a test section pressure drop

of 172 mbar, and the temperature of the water entering the test section was set at

24.0◦C. The tests were always performed in a continuous series from the lowest to the

highest control pressure, followed by the reverse sequence. Testing under increasing

and decreasing pressure conditions was done to determine if there was any hysteresis

in the resulting flow rates.

In Fig. 4.5, filled symbols denote data obtained while increasing the control

89



0 

40 

80 

120 

160 

200 

0 40 80 120 160 200 

C
o

n
tr

o
l 

P
re

ss
u

re
 R

eq
u

ir
ed

  
  

  
  
  

  
  
  

  

to
 C

lo
se

 M
ic

ro
v

a
lv

e 
[m

b
a

r]
 

Fluid Pressure [mbar] 

Center 

Left 

Right 

Figure 4.4. Control pressure required to completely close each individual
microvalve for different fluid inlet pressures.

pressure and open symbols show the decreasing pressure data. As in Fig. 4.4, the

valves are identified by their position (left, center, and right). The data shows similar

trends for all three valves. As the control pressure is increased above 0 mbar, the mass

flow rate steadily declines until the valve is eventually completely closed. Applying a

negative control pressure (i.e., vacuum) results in little change in the mass flow rate

suggesting that retracting the membrane into the valve pocket has little effect on the

flow resistance. Very consistent results are obtained for the increasing and decreasing

pressure tests on each valve, and thus it appears that there is little hysteresis in the

valve motion. The mass flow rates for the left and right valves are generally lower than

the center due to the difference in the resistances of the flow paths. Compared to fluid

flowing to the center valve, fluid going to either the left or right valves experiences

additional pressure drops due to a longer flow path and a direction change.
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Figure 4.5. Response of the flow rate through each individual microvalve to
a series of sequentially increasing and decreasing control pressures. Pressure
drop is fixed at 172 mbar in all tests.

An important implication of the results presented in Fig. 4.5 is that they

represent an additional method of controlling the performance of the complex flow

structure. Instead of using the valves in an on/off mode to vary complexity, it is

possible to use the control pressure to throttle the flow in selected portions of the

channel arrangement. This technique would then provide an additional means for

customizing and optimizing the microchannel arrangement.

4.4.3 Hydrodynamic and Thermal Performance

The experimental procedure used to assess the hydrodynamic and thermal

performance of the AVC test section was identical to that used in the fixed complexity

experiments previously described in Chpt. 3. The test procedure consisted of setting
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the head tank at one of four fixed elevations (corresponding to test section pressure

drops of 49, 79, 108, and 172 mbar), and, at each elevation, using the microvalves

to cycle the test section through four flow configurations. The configurations studied

were the left, right, center, and tee flow path arrangements shown previously in

Fig. 4.3(a). In these tests, the valve control pressures were set so as to maintain

the valves in the fully open or fully closed positions. At each flow configuration, the

system controls were adjusted so that the test section water inlet temperature was

14.0◦C and the average of the four copper block temperatures was 24.0◦C for all data

collected. Temperatures in all tests were maintained within ±0.1◦C of these setpoints,

i.e., 14.0± 0.1◦C and 24.0± 0.1◦C. After completing the testing, the test section was

removed from the test apparatus, reinstalled, and half of the original set of 16 data

points were run as a check on the repeatability of the results.

Figure 4.6 shows how the pressure drop varies with mass flow rate for each

flow configuration. All of the flow configurations have similar behavior, in which the

pressure drop increases with mass flow rate. The pressure drop at a given mass flow

rate as well as the rate at which the pressure drop changes with mass flow rate reflect

the hydraulic resistance of the flow path. As mentioned above in §4.4.2, configurations

with longer flow paths or turns will result in higher pressure drops at a given flow rate.

It is interesting to note that these effects are somewhat offset in the tee configuration

by the fact that each branch coming from the inlet channel only carries half of the

mass flow, resulting in pressure drops only slightly higher than those in the center

configuration. Since they have identical flow paths, the results for the left and right

flow configurations should be the same, but they are seen to be slightly different, most

likely due to manufacturing differences. Comparison of the repeated and original data

points at equivalent pressure drops (i.e., with the head tank at an identical position)
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showed that the differences in mass flow rates were all less than 1%.

Although the plotted data for each flow configuration appears to be linear, a

straight line fit through each data set does not pass through the origin as would be

expected. Since there should be no pressure drop at zero mass flow rate, it is likely

that there is an overall non-linear characteristic to the relationship between mass flow

rate and pressure drop. One possible cause of the non-linearity could be additional

losses associated with the test section fluid inlet and outlet paths (see §3.3). This

relationship can also be seen in the model predictions in Fig. 3.8.

The heat transfer performance of the various flow configurations is shown in

Fig. 4.7. As with the pressure drop, the heat transfer is seen to increase with the

mass flow rate for each flow configuration and each distinct flow path gives a different
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Figure 4.6. Pressure drop for the four different AVC test section flow con-
figurations.
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thermal performance. Also, the data for the left and right flow configurations are

again similar as expected. Comparison of the repeated and original data points at

equivalent pressure drops (i.e., with the head tank at an identical position) showed

that the differences in heat transfer rates were all less than 6%. In interpreting the

relative performance of the different flow configurations tested, it is important to

keep in mind that the heat transfer area is not identical across all configurations

as it was for the fixed complexity test sections described in Chpt. 3. Thus, as the

configuration is changed from center to left/right to tee, one factor influencing the

rate of heat transfer at a given mass flow rate is exposure of the flow to larger areas

of the silicon surface. Extrapolation of the data set trends to lower mass flow rates

indicates that the heat transfer rate will not go to zero when there is no mass flow.

However, the model predictions (Fig. 3.9) suggest that the heat transfer behavior may

be non-linear, especially at the lower flow rates. Also, even if there is no flow, there

will be some finite heat transfer due to conduction.

The overall heat transfer rates across all the tests are generally under 1 W.

This is simply a consequence of the test parameters chosen, and higher rates would

certainly be possible if a lower inlet temperature, for example, were used. In keeping

with the objectives of the present investigation, the mass flow and heat transfer rates

were selected to demonstrate how the thermal-hydraulic performance of the device

could be dynamically controlled.

Although the trends seen in the data presented in Figs. 4.6 and 4.7 are certainly

consistent with expectations, the more important result of these experiments is that

they show that the methodology proposed in the present work can be used to success-

fully control the complexity of a branched microchannel flow system. By changing

the complexity, the hydraulic and thermal characteristics of the device containing the
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Figure 4.7. Thermal performance of the four different AVC test section flow
configurations.

flow system can be controlled. Having the capability to control the hydraulic and

thermal performance by changing the flow system complexity in a single device is an

important step toward developing devices that could be dynamically optimized for

specific operating conditions.
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Chapter 5

Development of a Passive Variable-Complexity

Branched Flow Structure

A limitation of the AVC design presented in Chpt. 4 is that operation of the

pneumatic microvalves for an application such as thermal control requires external

sensors, controllers, and actuators. As the number of valves increases, this approach

will likely become impractical. Therefore, the next step in the research program was to

improve upon the AVC design by designing a “smart” variable-complexity microfluidic

device in which the valve operation was passive and autonomous (Objective 3).

The goal was to create a passive variable complexity (PVC) device that is

thermally adaptive, that is, a device in which the flow configuration adapts to the

local thermal environment without the need for external controls or power sources.

As a region becomes hot, flow should be initiated for cooling. If heat generation later

decreases and cooling is no longer required, flow should stop. A major advantage of

such adaptability is that it reduces the pumping power expenditure required since

flow is only directed to where it is needed.

The approach taken to this problem was to develop a design similar to the

AVC test section, but to replace the pneumatic valve actuation with an self-actuation

mechanism that is responsive to temperature. A multitude of microvalve designs have

been proposed [58, 75], a number of which are self-actuated. An obvious candidate

was thermopneumatic valves, which, despite the name, typically use the volumetric

expansion of a solid or volatile liquid to deflect a valve membrane. The problem with
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this actuation scheme is that the thermally-induced expansion typically causes the

valve to close with increased temperature. The desired action is the opposite (i.e.,

deflection of the valve membrane should be reduced causing the valve to open as

the temperature of the environment around it increases). Developing a design that

compensated for this reversed sense of actuation did not seem feasible (or perhaps even

possible). Other valve actuation mechanisms were also considered such as bimetallic

materials or shape memory alloys, but these were rejected due to the complexity of

integrating them into the device design. The solution that was found to overcome

these difficulties was to use a polymeric material called a hydrogel to actuate the

valve.

5.1 Polymer Hydrogels

Hydrogels are a particular type of polymer that has the ability to hold large

quantities of water, reaching values of 99% by weight [84, 85]. A useful characteristic of

these materials is that the polymer can be forced to liberate much of the retained water

in a reversible process, resulting in a large change in the volume of the polymer itself.

This volume change represents a conversion of stored chemical energy to mechanical

energy that can be employed to do useful work, such as actuating a valve. The trigger

for the volume change can be any number of environmental variables such as pH,

temperature, ion concentration, electric field, solvent composition, and others [85].

These hydrogels are often described as being “environmentally sensitive”, “stimuli-

responsive” or “smart”.

Of particular interest in the present work are temperature-sensitive hydrogels.

One of the most common of these is poly(N-isopropylacrylamide), typically referred

to by its synonym, PNIPAAm. The volume/temperature relationship for PNIPAAm
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is shown in Fig. 5.1. As the temperature is reduced, the polymer absorbs water

and swells. The reverse process occurs as the temperature increases. The swelling

can double the linear dimensions of a sample, increasing the volume by a factor of

eight, as shown. Most importantly, the polymer volume decreases as the temperature

increases, making it a good choice for the actuator material in the PVC device.

The volume change for PNIPAAm involves a process in which the polymer

chains “undergo a rapid and reversible phase transition from extended, hydrated

chains. . . to collapsed hydrophobic coils” [87]. This phase transition is characterized

by a transition temperature, called the lower critical solution temperature (LCST).

At temperatures below the LCST, water molecules become chemically bonded (via

hydrogen bonds) to portions of the polymer molecule causing the hydrogel to swell.

As the temperature exceeds the LCST, the hydrogen bonding process is disrupted

due to increased thermal agitation. Breaking these bonds frees the water molecules

and causes the hydrophobic polymer molecules to agglomerate in order to minimize

their contact with water. This agglomeration results in shrinkage of the hydrogel.

Figure 5.1. Swelling curve for PNIPAAm hydrogel in water (from [86]).
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Details of the swelling mechanism are discussed in [84].

The LCST for PNIPAAm is given as 32◦C for PNIPAAm [88]. This value

for the LCST applies to a polymer sample that is free to expand in all directions.

Constraining the hydrogel can affect both the swelling behavior and LCST [89, 90].

Also, the LCST can be changed by adjusting the chemical composition of the polymer

[87, 91, 92].

Because the kinetics of hydrogel swelling are controlled by the diffusion of

water in and out of the polymer matrix [84], the response times of hydrogel at the

macroscale can be impractical. One estimate showed that the time constant for the

swelling of a hydrogel sphere with a 1 cm radius was 36 days [84]! It has been

shown that the time constant for swelling scales with the square of the characteristic

hydrogel length, and thus the response time can be significantly shortened by reducing

the physical size of the hydrogel [93].

For the typical sizes required in microscale devices, the hydrogel response time

is sufficiently rapid to make the material useful as a practical actuation mechanism.

As a result, hydrogels have been used in a variety of different microfluidic applica-

tions [94, 95]. Response times can also be improved by introducing porosity into the

material [96]. It is also important to note that the rate of swelling is influenced by

other variables, and this leads to the shrinkage (de-swelling) process occurring at a

faster rate than the expansion (swelling) process [89]. Also, because swelling occurs

by water diffusing in and out of the hydrogel, the material cannot be isolated within

a microfluidic device. Instead, the device must be designed so that the hydrogel is

allowed to exchange fluid with its environment.
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5.2 Polymer Microvalve Design

Numerous microvalve designs have been proposed that take advantage of

the stimuli-responsive properties of polymer hydrogels [53, 86, 89, 92, 97–103]. Us-

ing adapted versions of these concepts, several microvalve designs were tried before

finally arriving at a suitable design for the PVC device.

Initially, the plan was to create polymer “patches” directly on the substrate

(i.e., device bottom layer) surface. In this design, the hydrogel was to be bonded to

the bottom layer and located in the flow stream. As the local temperature of the

substrate decreased, the polymer would swell into the microchannel above blocking

the flow. Likewise, local heating would shrink the polymer and open the microchan-

nel. The patches were to be created using a process called photopolymerization.

This process is similar to photolithography and begins by coating the substrate with

a pre-polymer (unpolymerized) solution. The polymerization reaction is initiated

at selected locations by exposure of the pre-polymer solution to UV light that has

passed through a photomask [53, 58, 90, 96, 103–107]. Once the reaction is initiated,

it proceeds spontaneously forming the hydrogel patches.

Attempts to polymerize the material failed, likely because of oxygen contam-

ination of the pre-polymer solution layer coating the substrate. Oxygen that is dis-

solved in the liquid layer is an inhibitor for the polymerization reaction, and thus

the photopolymerization process must be carried out in an oxygen-free atmosphere

[108]. As this was not feasible with the tools and equipment available, this approach

was not further developed. However, it should be mentioned that if this obstacle is

addressed, this method may be a simple, quick, and straightforward way to fabricate

large numbers of microvalves.

Using the experience gained from the first attempt, an improved approach
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was developed. In this approach, the hydrogel patches on the substrate surface were

replaced by small (∼ 1 mm) circular cavities that were to be filled with hydrogel.

When hot, the polymer would shrink and retract inside the cavity opening the flow

channel above. If the temperature decreased, the hydrogel would grow out of the

cavity blocking flow in the microchannel. This design also had the advantage that

the cavity helped to hold the polymer in place.

For this approach, the fabrication process involved adding an reaction initiator

chemical to the pre-polymer solution and quickly transferring it by pipette to the

cavities before it had an opportunity to polymerize. The reaction was completed in

the cavity forming the hydrogel. The advantage of this method was that all the steps

could be carried out in such a way as to avoid oxygen contamination by nitrogen

purging the containers that were used.

Although the method of placing the polymer in the cavities worked as intended,

it was found that after the reaction was complete, the resulting quantity of hydrogel in

the cavities was much too small. Thus the filling process had to be repeated numerous

times in order to get a sufficient amount of polymer in the cavity for the valve to

operate as intended. Also, some preliminary experiments with valves manufactured

using this technique showed that the shape of the hydrogel varied slightly with each

thermal cycle leading to inconsistent and non-repeatable behavior. This valve design

was not used because of the impracticality of manufacturing multiple valves and the

inconsistent performance.

The final microvalve design was an adaptation of the membrane design used

in the AVC test section. In this design, the volume change of PNIPAAm hydrogel

is used to deflect a PDMS membrane that opens and closes a flow path. Compared

with the previous designs that were tried, this design was more straightforward to
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fabricate since the hydrogel was synthesized separately and loaded into the valve in

the form of dry particles (see §5.3.2.2). Also, this design eliminated the need to rely

directly on the polymer to close the flow path, which was problematic in prior designs.

An additional benefit of this approach is that the hydrogel is not subject to possible

degradation from being located in the flow steam. This design also made it possible

to take advantage of the experience and techniques previously developed during the

fabrication and testing of the AVC test section.

The membrane microvalve design that was used is similar to several designs

that have been reported in which hydrogel works as an actuator for a valve mem-

brane [53, 89, 101–103]. The design details of these microfluidic devices vary, but

they generally involve hydrogels that are contained in a cavity and exposed to a

surrounding fluid that controls the hydrogel behavior. Swelling of the hydrogel de-

flects a membrane covering part of the cavity, and this membrane opens or closes

a flow passage within the device. Although the microvalves used within the PVC

device share some common features with these other designs, none of these could be

directly used, and thus it was necessary to develop a specialized design and the ac-

companying fabrication techniques. Also, application of the valves to create a device

with a thermally-adaptive fluid architecture is distinctly different from the types of

applications considered in previous investigations.

5.3 Test Articles

To create a thermally-adaptive design, the hydrogel membrane valves were

incorporated into a prototype microfluidic device to create a PVC test section. For

consistency with the previous work, the overall size of the PVC test section was kept

the same as the fixed- and variable-complexity devices developed previously (i.e., 1 cm
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square). The PVC test section also had a multi-layer design with the same modular,

monolithic structure as used previously.

5.3.1 Design

A sectioned assembly drawing of the PVC test section is shown in Fig. 5.2.

The device is illustrated with one valve open and one valve closed. Figure 5.3 is an

exploded view of the test section which better shows the details of the individual

layers which comprise the device. Detailed dimensioned drawings of each layer are

given in Fig. 5.4.

As shown in Fig. 5.2 and 5.3, the PVC test section is composed of four layers.

The description of each layer is as follows:

 
  

Valve 
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Glass 

Layer 

Channel 

Layer 

Plenum 

Layer 

Microchannels 

Membrane 

Hydrogel 

Fluid In Fluid Out 

Local Heating 
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Plenum 

Figure 5.2. Sectioned assembly drawing of the PVC test section.

103



 

 
  

Valve 

Layer 

Glass 

Layer 

Channel 

Layer 

Plenum 

Layer 

Microchannels 

(on bottom of layer) 

Membranes 

Hydrogel 

Membrane Support 

Pillar Array 

Interior Fluid Volume Exploded View 

Figure 5.3. Exploded view showing the individual layers in the PVC test
section. Left-hand column shows the actual object, and right-hand column
shows the void (fluid-filled) space within each layer of the test section.
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Figure 5.4. Dimension details of the PVC test section. All dimensions are
in millimeters.

Glass Layer: The bottom layer of the PVC test section is made from a 1.0 cm

square, 300 µm thick piece of borosilicate glass. Glass was used for this layer

rather than silicon because of its lower thermal conductivity. The lower thermal

conductivity made it easier to create large lateral temperature gradients within

the material from localized heating of the bottom surface. This choice was made
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solely for experimental convenience as creating similar gradients in a silicon

substrate would have required higher heat fluxes. By using glass, the principles

of the thermally-adaptive design could be demonstrated with lower heat fluxes.

Of course, in an actual application it would be desirable to minimize the thermal

resistance of this layer.

Channel Layer: The channel layer is an approximately 1 mm thick sheet of PDMS

with the microchannel pattern molded into the bottom side. Joining this layer

with the glass layer creates a system of rectangular cross-section microchannels

which have a glass bottom and PDMS sides and top. Measurements made

prior to assembly showed that the average channel depth was 139 µm. As

can be seen in Fig. 5.4, each quadrant of the square test section contains an

identical branched-channel configuration with one level of bifurcation. The

channel widths before and after the bifurcation were designed based on the

same ratios as used previously (see Eq. 3.2). Because of geometric constraints,

Eq. 3.1 could not be used for the channel lengths. Four microchannels lead

out from the center, each connecting to one of the channel arrangements in a

quadrant. This particular channel layout was used because of its symmetry,

and it is likely not an optimal arrangement. Vertical through holes in this layer

connect the microchannels to the layer above and allow fluid to enter and exit.

Valve Layer: The valve layer is an approximately 1 mm thick sheet of PDMS which

contains the four microvalves. Each microvalve consists of a 30 µm thick PDMS

membrane supported on top of a circular array of pillars. The interior space

of the pillar array forms an actuator chamber which holds the PNIPAAm hy-

drogel. The reason for having discrete pillars as opposed to a solid wall around

the actuator chamber is to allow the polymer to exchange water with its sur-
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roundings (see §5.1). As can be seen in Fig. 5.4, there are tapered gaps located

between the pillars. The tapered shape works with the gel structure of the poly-

mer to prevent the polymer from extruding out of the gaps as it swells. Each

microvalve is surrounded by a 210 µm deep cavity (the “gear-shaped” area seen

in Figs. 5.3 and 5.4) that combines with a cavity in the layer above to form

an exit plenum. Holes punched through this layer align with the holes in the

channel layer below allowing fluid to flow vertically when the valve is open. The

fluid coming from the microchannels below is recombined in the plenum where

it also comes into contact with the hydrogel located in the actuator chamber.

Plenum Layer: The plenum layer is an approximately 4 mm thick block of PDMS

which has four identical circular cavities on its bottom side. A through hole

located in the center of each cavity allows fluid to flow out of the cavity. The

cavities had a measured average depth of 137 µm and were centered above

the valves forming the top half of the exit plenum. The top surface of the

cavity serves as a seat for the valve membrane below. An additional through

hole located at the center of this layer aligned with a hole in the layer below

allowing fluid to flow down into the test section.

The flow path through the device is indicated with arrows on the right-hand

side of Fig. 5.3. Fluid enters the port at the center of the top of the test section and

flows vertically down though all of the layers until it reaches the microchannels at the

bottom. The fluid then flows outward through microchannels leading out from the

center to the quadrants in which the valves are open. Notice that it is possible that

all the valves are closed, in which case there is no flow through the test section. After

traveling though the microchannels in a quadrant, the fluid exits upward through

holes at the end of the microchannels and enters the exit plenum. The flow then
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passes around the microvalve and enters the outlet port. As with the other devices

constructed in this investigation, fluid interconnections with the test section were

made by inserting curved, blunt-tip needles into the ports in the top layer. A 20 ga.

needle was used for the inlet and four 23 ga. needles were used for the outlets.

The arrangement of valves and microchannels in the test section was designed

to allow the flow to each quadrant to be controlled independently. The test section

is made thermally-adaptive by using the temperature-sensitive microvalve located

in each quadrant to control the flow into the quadrant. If the temperature of the

fluid within a quadrant is such that the polymer temperature is less than the LCST,

the hydrogel will be in the swollen state and the valve membrane will be deflected

upwards. Contact of the valve membrane with the top of the exit plenum closes

off the exit port and stops flow through the quadrant. Heating the bottom of the

test section in a quadrant causes a natural convection circulation within the plenum

above. As the temperature increases, the hydrogel shrinks causing the membrane to

return to its flat (natural) position. With the membrane in this position, the exit

port is open allowing flow out of the plenum area. Notice that due to this design, the

valve is sensitive to the average temperature of the quadrant.

5.3.2 Fabrication

The techniques and processes used for fabricating and assembling the PVC test

section were generally the same as those used to construct the fixed- and variable-

complexity test sections described previously. A detailed discussion of these proce-

dures can be found in §2.1. The channel, valve, and plenum layers were fabricated

using the soft lithography process. As discussed in §3.1.3, measurements were made

during the assembly process to either document or verify the critical dimensions of
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the various features in the PDMS parts.

5.3.2.1 Polymer Synthesis

The PNIPAAm hydrogel used in the microvalves was synthesized by generally

following the protocol given by Wang, et al. [97]. The chemical reagents, their

functions, and the quantities used are summarized in Table 5.1. The individual

polymer chains are composed of repeating units of the monomer, NIPAM. (Synonyms

for the various reagents, e.g., NIPAM, are defined in Table 5.1.) The crosslinker, BIS,

connects the polymer chains together at specific points along their length, and it is

these interconnections that provide the mechanical stability that gives the hydrogel

is gel-like (semi-solid) character [84].

The synthesis process began by dissolving the NIPAM and BIS in 10 mL of

deionized (DI) water. The TEMED was then added to this solution. Nitrogen gas

was bubbled through the solution for about 10 minutes to remove dissolved oxygen

and to purge the flask. As discussed in §5.2, oxygen inhibits the polymerization

reaction, and thus the process must be carried out in an oxygen-free environment.

The polymerization reaction was then initiated by dissolving the APS in the solution.

The solution became noticeably gel-like within a few minutes, but the flask was left

undisturbed for a period of at least 30 minutes to allow the reaction to complete.

Table 5.1. Chemical reagents used to synthesize the PNIPAAm hydrogel.

Compound Synonym Function Amount

N-Isopropylacrylamide NIPAM monomer 315 mg
N,N′-Methylenebis(acrylamide) BIS crosslinker 17.5 mg
N,N,N′,N′-Tetramethylethylenediamine TEMED accelerator 13.0 µL
Ammonium Persulfate APS initiator 17.5 mg
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A continuous nitrogen gas purge was maintained in the space above the hydrogel

during the entire reaction time. All of the synthesis steps were performed at room

temperature.

Afterward, the hydrogel was removed from the flask and rinsed with DI water.

At this point, the hydrogel was a single, gel-like mass. The hydrogel was placed in

a petri dish and allowed to dry in open air for several days. After all of the water

had evaporated from the hydrogel, it was reduced to a small, brittle wafer. The dried

hydrogel was then ground with a mortar and pestle to a coarse powder. No effort

was made to sort or characterize the particles, but rather the goal was to reduce

the particles to a size that would allow them to fit within the actuator chamber (see

Fig. 5.3).

5.3.2.2 Microvalve Assemblies

As shown in Fig. 5.2, the valve membrane is bonded to the top surface of

the eight support pillars. The membrane was formed by spin coating PDMS on an

acrylic disc (3000 RPM for 30 seconds) using the technique developed for fabricating

the valves in the AVC test sections (see §4.1.2). Once the PDMS film had cured,

a sharpened, blunt-tip 12 ga. needle was pressed into the film (which was still on

the acrylic disc), to cut out a circular valve membrane. The resulting round PDMS

membrane could be easily lifted from the substrate with tweezers and placed atop the

pillars. The diameter of the valve membrane was slightly larger than the outer diam-

eter of the membrane pillar support array, allowing for some positioning tolerance.

One of the most challenging aspects of the fabrication process was obtaining

a good bond between the valve membrane and the pillars. Initially, the standard

technique of oxygen plasma bonding was used. Inspection of the completed assemblies
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showed that the strength of the bond varied from pillar to pillar, and there was often

no bonding at all on several of the pillars. Strangely, these problems did not occur

with the bonding of the main test section layers. Attempts to improve the membrane

bonding by modifying different aspects of the process failed to produce consistently

good bonds. It is believed that this problem may be due to nonuniform or incomplete

oxidation of the surface during the plasma exposure. For larger surface areas (like the

layers), a lack of bonding in isolated locations is likely to be insignificant. However, for

a very small surface area like the top of a pillar, defects over a portion of the area can

significantly weaken the overall bonding between the two surfaces. No confirmation

for this hypothesis could be found in the literature which may be due to the fact that

most applications involve bonding comparatively larger surfaces.

The solution to this problem involved using a different bonding technique.

Among the numerous PDMS bonding techniques available [64], the technique of using

uncured PDMS as an adhesive was found to provide excellent bonding between the

valve membrane and the pillars [109, 110]. To implement this technique, the individual

valve membranes were placed on a glass slide and liquid PDMS was spin coated on

the slide at 7000 RPM for 120 seconds. This process left an approximately 4 µm thick

PDMS film on one side of the membranes. (The natural adhesion between the PDMS

and the glass kept the membranes in place during this process and prevented the liquid

PDMS from seeping underneath.) The membranes were then lifted and positioned

atop the pillars, and the assembly was placed in an oven to allow the PDMS “glue” to

cure. The PDMS film added 4 µm to the membrane thickness, but for this application,

the additional thickness was not an issue. Inspection of the assemblies revealed that

consistent, strong bonds were obtained between the membranes and each pillar.

After the membranes were attached, the dried hydrogel particles were loaded
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into the valves. Using holes that had been previously punched through the layer in

each actuator chamber (not shown in Fig. 5.3), the particles were added by hand from

the bottom of the layer. Because the mass of dry hydrogel placed in each valve was

too small to practically measure, the amount added was determined by counting the

particles. Approximately 4–6 particles were placed in each valve. After filling, the

PDMS plugs that were removed when the holes were punched were replaced to seal

the holes and hold the particles in place. The tight fit of the plugs in the holes held

them in place. Although the hydrogel is pictured as a single mass in Figs. 5.2 and 5.3,

it was initially individual particles. After the dry hydrogel particles were rehydrated,

they melded into a single mass as pictured.

Before using this layer in the next test section fabrication step, the valves were

pretested by submerging the layer in water and measuring the resulting membrane

deflection over several temperature cycles. To ensure that the membrane formed a

tight seal with the top of the exit plenum, the desired membrane deflection was at

least 200 µm. (The height of the exit plenum was 137 µm.) In some cases, it was

necessary to “fine tune” the deflection by carefully inserting small hydrogel particles

through the gaps between the membrane support pillars. This process of adding

hydrogel and testing the deflection was repeated until all the valve membranes had

an acceptable deflection.

5.3.2.3 Test Section Assembly Procedure

The PVC test section was assembled in a number of steps. With the exception

of the valve membranes, all parts were bonded using the oxygen plasma exposure

technique. The following summarizes the steps in this process:

1. Using a 16 ga. needle, the four holes used for filling the valves with hydrogel
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particles were punched through the valve layer. The holes were located in the

center of each actuator chamber.

2. The membranes were bonded to the support pillars, the hydrogel was loaded

into the actuator chambers, and the valves were tested as described above in

§5.3.2.2.

3. The channel and valve layers were bonded together.

4. The 32 microchannel exit holes (one centered at the end of each microchannel)

were punched through the subassembly from Step (3) using a 22 ga. needle.

5. The holes for the four fluid exit ports were punched in the plenum layer using a

20 ga. needle and the plenum layer was bonded to the subassembly from Step

(3).

6. The hole for the fluid inlet port was punched through the subassembly from

Step (5) using an 18 ga. needle.

7. The glass layer was bonded to the subassembly from Step (6).

8. The needles used for the fluid interconnects were inserted.

5.4 Experimental Methods

Testing of the PVC test section was done with the apparatus described in

Chpt. 2. However, because the testing required providing controlled, localized heating

in each quadrant of the test section, it was necessary to design and construct a new

test fixture. The experiments also required a number of specialized test procedures,

and these will be described along with the respective data in subsequent sections.
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Unless noted otherwise, all of the PVC test section experiments were conducted at a

fixed test section pressure drop of 49 mbar.

To provide independent heating in each test section quadrant, four of the

thermoelectric coolers (TECs) shown in Fig. 5.5 were used in the new test fixture.

The TECs (Marlow Industries Model MI1020T-01AC) were 4 mm square by 2 mm

high. Thus, one TEC could be placed beneath each 5 mm by 5 mm quadrant of the

test section.

A TEC has two active surfaces, one of which becomes hot and the other cold,

when a direct current passes through the device. The temperatures of the TEC hot

and cold sides are determined by the current supplied to the device. Although TECs

are typically used for their cooling capabilities, in this case the hot side of the device

was used to heat the bottom surface of the test section. TECs were chosen for this

application because they were available in a size that fit within a quadrant of the

 

Figure 5.5. Photograph of the thermoelectric (Peltier) cooler used to heat a
test section quadrant.
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test section. Also, they provided additional flexibility in the experimental appara-

tus by making it possible to create very large temperature gradients, if needed, by

simultaneously heating and cooling different quadrants of the test section. However,

the cooling capability was not used and the TECs in quadrants that were not being

heated during an experiment were left unpowered.

A schematic of the test fixture designed to support and heat the PVC test

section is shown in Fig. 5.6. The base of the fixture is a copper plate that serves

as a heat source or sink for the TECs. The four TECs sit directly on the base

plate. To improve thermal contact, a thin layer of thermal grease was applied to

the bottom surface of each TEC before placing it on the plate. The test section was

attached to the top of the TECs with a thermally-conductive, double sided adhesive

film (MH&W International Corp. Keratherm KL 90). A single piece of this film,

slightly smaller than 5 mm by 5 mm, was placed on top of each TEC. This film held

the test section firmly in place on top of the TECs and reduced contact resistance.

Temperatures on the bottom of the test section were measured with Type T surface

mount thermocouples (Omega Model SA1XL-T-SRTC). The thermocouple junctions

were located in the center of each quadrant between the adhesive film and the glass

on the bottom of the test section. The sensing portion of these thermocouples was

very thin (∼ 25 µm), and this added thickness was accommodated by displacement

of the relatively soft adhesive film. Two elastic bands passed over the top of the test

section and provided a small clamping force to hold all the components together. The

top view in Fig. 5.6 also shows the numbering scheme that was used to identify the

test section quadrants.

A photograph of the PVC test section experimental setup is shown in Fig. 5.7.

For this test section, there were five fluid interconnects. One connection supplied
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Figure 5.6. Schematic illustration of the test fixture used to support and
heat PVC test section. The circled numbers in the top view show the quadrant
numbering scheme.

water to the test section and the other four were the outlets of each quadrant. Tem-

peratures of the fluid entering and exiting the test section were measured by ther-

mocouple probes inserted into the tubing lines as described in §2.2.3. The outlets of

each quadrant were left separate (i.e., not manifolded together) so that temperatures

and flow rates for each quadrant could be measured individually.

After the test section was installed, an initial checkout of all the instrumenta-

tion was conducted. During these checks, it was determined that the surface tempera-

ture thermocouple in Quadrant 3 was not working correctly. The surface temperature
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Figure 5.7. Photograph of the PVC test section installed and connected for
testing.

thermocouples were very fragile, and it is likely that this sensor got damaged some-

time during the test section installation since good results were obtained in the prior

calibration. Attempting to repair or replace this thermocouple would have required

disassembling the test setup. Since there was a high risk of damaging the test section

or the other instrumentation during disassembly, and all of the research objectives

could be achieved by performing experiments on three of the four test section quad-

rants, no attempt was made to fix this faulty sensor.

An additional special procedure that was implemented for these experiments

was to deaerate the water used in the testing. This was done by boiling all of the

water required in an experiment prior to use. Preliminary tests showed that if the

water were not deaerated, the heating of the water as it passed through the test

section would liberate dissolved gases forming bubbles inside the test section. These
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gas bubbles would often become stuck in the test section and interfere with the flow.

The test section was periodically checked during the experiments, and no bubbles

were seen when the deaerated water was used.

5.5 Polymer Microvalve Performance

The polymer microvalves need to open reasonably fast and have repeatable

operation to be useful in a thermal control application. Of course, the precise re-

quirements will be application dependent, but, in general, a valve that opens too

slowly will allow the surface temperature to overshoot the desired setpoint before

cooling is initiated. On the other hand, a valve that responds too fast could operate

in an unstable manner, possibly damaging the microvalve itself or the device being

controlled. Repeatability is also important, as it is desirable to have a predictable

response from the device. Experiments were performed to assess the performance of

the PVC test section with regard to both of these issues. With the exception of a

modified test section used for visualization (described in the following section), all of

the experiments were performed with a single test article.

5.5.1 Visualization of Operation

To observe and verify the operation of the polymer microvalves, an experiment

was conducted in which a modified PVC test section was placed in a beaker of water

that was heated with a stirring hotplate. As the water temperature was changed, the

microvalve was photographed through a microscope. The test section used for this

test was identical to the one used in all of the other experiments, except that some

of the PDMS surrounding the valve was removed so that the microvalve itself could

be better visualized.
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The thermal response of the microvalve is shown in the series of photographs

presented in Fig. 5.8. Figure 5.8(a) shows the change in membrane deflection as the

surrounding water is heated. The water temperature is noted in each picture. Initially,

the water is at 26◦C, and the hydrogel is swollen, resulting in a peak membrane

deflection of about 260 µm. With continued heating, the hydrogel volume is reduced

and the membrane becomes virtually flat at 36◦C. Figure 5.8(b) shows images taken

from a continuation of the same experiment in which the heating was stopped and

the water was allowed to cool. As the temperature decreases, the hydrogel swells

and the membrane deflection increases. After cooling to a temperature equal to

the initial temperature, the deflection matches the initial 260 µm deflection. The

similarity of the initial and final deflections (at 26◦C) showed that the valve action

was reversible through a temperature cycle. The peak membrane deflection of about

260 µm exceeded the 137 µm height of the exit plenum above it providing a sealing

force to close the valve. This visualization experiment provided confirmation that the

valve was responding to the surrounding temperature as expected.

5.5.2 Opening and Closing Behavior

The opening and closing behavior of the polymer microvalves was studied

in a series of experiments in which the test section bottom surface temperature was

linearly ramped up and down at different rates. A total of 33 test runs was performed

on three of the four PVC test section microvalves covering temperature ramp rates

from 0.2◦C/min to 11.1◦C/min. The temperature ramping was accomplished by

controlling the power input to a given TEC using a programmable power supply.

The power supply output was set by a LabVIEW program that allowed the ramp

rate to be continuously monitored and adjusted. Ramping the temperature in this

manner provided a consistent and repeatable thermal input. Although this approach
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Figure 5.8. Photographs showing the response of the polymer microvalve to
(a) increasing temperature and (b) decreasing temperature.

did not directly yield any data about the kinetics of the hydrogel transition itself

(i.e., how fast a valve opened), it made it possible to evaluate the overall test section

performance in terms of how well the test section could respond to changing thermal

conditions.

Each experiment involved performing one open and close cycle on a given

valve, and Fig. 5.9 shows examples of the time-history data obtained from two typical

experiments. In each run, the surface temperature was ramped up linearly until valve

opening was detected. Once the valve opened, the ramping was stopped, the power

supply output was held, and conditions were allowed to stabilize. The valve was

allowed to operate at steady-state for a few minutes, and then the surface temperature

was ramped down to ambient conditions. The same nominal rate was used for both

the increasing and decreasing ramps, but the actual values were determined from

post-processing the recorded data.
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Figure 5.9. Time histories of temperatures and mass flow rate during one
polymer microvalve open and close cycle. Typical results for an opening (a)
without oscillations and (b) with oscillations.
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As can be seen in Fig. 5.9, the valve opening event was marked by an abrupt

drop in the surface temperature and a corresponding increase in the outlet tempera-

ture. The decrease in surface temperature is caused by an influx of cooler fluid into

the test section as flow is initiated. The initiation of flow is confirmed by the sudden

appearance of hot fluid at the test section outlet. Figures 5.9(a) and (b) are typical

of the two types of valve opening behaviors seen in the experiments. In some cases,

the surface temperature underwent a series of damped oscillations before eventually

reaching steady state (Fig. 5.9(b)), and in others the temperature undershot and then

rapidly attained a steady state without oscillating (Fig. 5.9(a)).

Although it might be expected that the valve behavior would be related to

the rate of temperature change, no definite relationship could be found between the

presence or absence of oscillations and any of the experimental conditions. In some

cases, different behavior was observed in two repeated tests on the same valve at

the same ramp rate. The oscillations likely reflect the effects of an internal feedback

mechanism that exists within the test section. During opening, if sufficiently cool

fluid reaches the valve, it will begin to close. As the valve closes, it will restrict the

flow causing the fluid temperature to increase which, in turn, will tend to cause the

valve to reopen. The valve opening is a dynamic event, and factors such as fluid

inlet temperature, heat transfer rate, and valve design could all potentially affect the

opening behavior.

Figure 5.9 also shows the mass flow rate over the course of the experimental

runs. The flow rate is shown as a series of symbols to emphasize the fact that it

is calculated at discrete intervals. Since the flow rate is based on a change in mass

divided by a time interval, each data point represents the average mass flow rate over

the interval since the previous point. For these experiments, a short averaging time
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was used so that the detailed temporal behavior of the flow could be determined.

Also, if there was no change in the accumulated mass for a period of three minutes,

the mass flow rate was taken to be zero.

There is typically a spike in mass flow rate associated with the valve opening

which is followed by some unsteadiness before the mass flow rate finally attains a

steady state value. This initial transient behavior is more evidence of the dynamic

nature of the valve opening. Additionally, the reduced viscosity of the initial burst

of hot fluid that is released as the valve opens may contribute to the mass flow rate

spike. No definitive relationship could be found between the test conditions and the

time required for the mass flow rate to reach steady state. However, the average time

required for the flow rate to stabilize was 3.5 minutes.

5.5.3 Transition Temperatures

The opening and closing conditions for the polymer microvalves were deter-

mined as a function of the temperature on the bottom surface of the test section. The

bottom surface temperature was chosen as the characteristic temperature based on

the assumption that in a thermal management application, this temperature would

reflect the thermal conditions of an attached device that was being controlled. The

surface temperature at opening was taken to be the opening transition temperature.

Note that this is not necessarily the transition temperature of the hydrogel itself, but

rather it characterizes the performance of the test section. The closing transition

temperature was identified from the first point at which a zero mass flow rate was

attained.

Figure 5.10 summarizes the results of all the opening and closing transition

temperature experiments. In this figure, the blue and red symbols denote the opening

123



and closing data, respectively. The range of the initial surface temperatures (i.e., the

temperature immediately before beginning to ramp up the temperature) is also shown

for reference. Two complete series of tests (primary and repeat) were performed on

Valves 1 and 4. (The valves are numbered according to the quadrant they control.)

Valve 2 was only tested once. The sequence of test conditions was varied for each

valve to avoid introducing any bias into the results due to the order of the test points.

Results for the closing of Valve 2 are not shown as inconsistent data was obtained.

In testing Valve 2, it was observed that that the flow rate would decrease as the

surface temperature decreased, but sometimes the flow did not completely stop until

long after the temperature reached ambient conditions. It is likely that there was a

manufacturing issue (possibly an insufficient amount of hydrogel) that was affecting

the performance of this valve.
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Figure 5.10. Opening and closing transition temperatures for the polymer
microvalves.
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Focusing first on the opening transition temperature data, all three tested

valves are seen to have very similar behavior. Although Valve 2 had a delayed closing

time as discussed above, the opening of this valve was consistent with the others. The

results of the primary and repeat tests for the opening of Valves 1 and 4 matched

very well showing that the opening conditions were also repeatable. There are two

important points to note about the measured transition temperatures. First, the

temperatures are higher than the value of 31–32◦C that is commonly given for bulk

PNIPAAm hydrogel [88]. Second, the transition temperatures are clearly influenced

by the temperature ramp rate, with opening occurring at higher temperatures as the

heating rate increases.

The main effect influencing the transition temperature is most likely the ther-

mal inertia of the PVC test section itself. As the heating rate is increased, there is a

growing thermal lag between the temperature of the hydrogel inside the microvalves

and the surface temperature. When the valve it closed, the hydrogel is being heated

by the natural convection circulation of trapped fluid within the test section as well

as possibly some conduction through the solid material. Consequently, as the heating

rate is increased, the surface temperature will attain a higher value by the time the

hydrogel reaches the transition temperature. This hypothesis is supported by the

trend of the experimental data which appears to flatten at the lower heating rates

where the thermal inertia effect is minimized. Additionally, as noted by Kuckling, et

al. [90], constraining the expansion of the hydrogel can shift the transition tempera-

ture upwards.

Valves 1 and 4 had similar closing behavior, but the repeatability was not as

good as that seen in the opening data. The closing transition temperature is a function

of the ramp rate, again most likely due to the thermal inertia of the test section. As
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the cooling ramp rate was increased, the surface temperature was reduced farther

before the hydrogel inside reacted and closed the microvalve. The closing data also

appears to be approaching an asymptotic value at the lower ramping rates. These

results also show that the opening temperature is always higher than the closing

temperature, indicating that there is hysteresis in the valve operation.

The scatter seen in the closing results is due, in part, to the difficulty in

identifying the precise moment that the valve closes. In contrast to the valve opening

which was easy to identify from the abrupt change in the surface temperature, there

was no equivalent event that identified the closing. Rather, it was necessary to use

the time-average mass flow rate data, and thus it was not possible to determine the

precise time that the flow rate reached zero. Imprecision in estimating this point from

run to run led to differences in the closing temperature, especially at the higher ramp

rates. Nevertheless, the valves did successfully close as the temperature decreased,

thus confirming that the design operated as intended.

5.5.4 Steady State Operation

As seen in the typical time history plots shown above in Fig. 5.9, the peak

opening temperatures were always higher than the steady state surface temperatures

attained following the initial opening transient period. The amount of this temper-

ature overshoot (i.e., the difference between the peak opening and the steady state

temperature) is plotted as a function of the temperature ramp rate in Fig. 5.11. The

data shows that the overshoot is getting larger as the heating rate increases. This is

further evidence to support the observations made above in §5.5.3 that a thermal lag

is affecting how well the test section can track a rapidly changing temperature. From

an application standpoint, these results indicate that if the temperature of interest
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is changing rapidly, the test section must be designed to respond quickly or else the

temperature could overshoot a critical value (i.e., overheat) before the valve opens

and cooling is initiated.

Fig. 5.12 presents the steady state mass flow rates and surface temperatures

for the experiments involving Valves 1 and 4. The data shown are the average values

in the time period after all of the opening transient behavior had subsided. For each

data set, the ramp rate is increasing toward the right, as indicated by the arrow. This

plot shows that increasing the ramp rate leads to higher steady state values for both

the mass flow rate and temperature. The increase of the steady state temperatures

with the ramp rate are a reflection of the additional temperature increase that occurs

because of the lag in valve opening. (Recall that the ramping was stopped as soon

as the valve opened.) This same effect was observed with the opening transition
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Figure 5.11. Differences in the peak opening and the steady state tempera-
tures as a function of the temperature ramp rate.
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temperature as discussed above in §5.5.3.

The higher flow rates are most likely a consequence of both reduced fluid vis-

cosity (due to the higher surface temperature) and possibly less throttling of the flow

by the microvalve. Since the pressure drop was fixed, any reduction in viscosity leads

to an increase in flow rate. Likewise, any change in the flow path geometry that

reduced the flow resistance would also increase the flow rate. However, the change in

mass flow rate is not completely accounted for by viscosity alone. Over the tempera-

ture range shown in the figure (40–46◦C), the change in viscosity is about 10%, while

the flow rate changes from 0.05–0.20 g/min. It was not possible to determine from

these experiments if the valve was fully open, but given that the hydrogel swelling is

dependent on the temperature, it is entirely possible that the valve membrane was in
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Figure 5.12. Steady-state mass flow rates and temperatures from the poly-
mer valve opening and closing experiments.
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a position that throttled the flow. As the fluid temperature increased, there was less

throttling resulting in a higher flow rate.

5.5.5 Behavior over Multiple Cycles

To assess how the microvalves would perform over repeated open and close

cycles, an experiment was performed in which Valve 4 was cycled six times in succes-

sion (i.e., in a single, uninterrupted experimental run). The procedure used for this

testing began with ramping up the surface temperature at a rate of 5◦C/min, and,

once the valve opened, the ramping was stopped and the power supply output was

held for 5 minutes. At the end of the 5 minute period, the surface temperature was

ramped down at the same rate until the minimum power supply output (0.005 A)

was reached. This condition was maintained for another 5 minute period and then

the next cycle was started.

The time history of the temperatures and mass flow rate over the course of

the repeated cycling are shown in Fig. 5.13. The behavior over each individual cycle

is the same as that observed in the valve opening and closing experiments described

earlier in §5.5.2. As indicated by the mass flow rate, the valve started and stopped the

flow in response to the temperature. The results are almost identical for each cycle

showing that the valve operation is predictable and reproducible. The temperatures

and mass flow rates were very consistent over all of the cycles. For example, the

opening transition temperatures all agree to within 1◦C. If the opening temperature

for the first cycle, which was slightly higher, is excluded, the agreement is within

0.4◦C. Although the number of cycles in this experiment is small, there is no evidence

to indicate that the repeated cycling affected the valve performance.

129



-0.05 

0.05 

0.15 

0.25 

0.35 

0.45 

0.55 

0.65 

0.75 

0.85 

0.95 

1.05 

1.15 

10.0 

15.0 

20.0 

25.0 

30.0 

35.0 

40.0 

45.0 

50.0 

55.0 

0 10 20 30 40 50 60 70 80 90 100 110 120 

M
a
ss

 F
lo

w
 R

a
te

 [
g
/m

in
] 

T
em

p
er

a
tu

re
 [
°C

] 

Time [min] 

Surface Temp. Fluid Inlet Temp. 
Fluid Exit Temp. Mass Flow Rate 

Valve Open 

Valve Closed 

Figure 5.13. Temperatures and mass flow rate over repeated cycles of Valve 4.

5.6 Performance Benefits of the Passive Variable-Complexity
Design

A set of experiments was conducted to measure the thermal-hydraulic per-

formance of the PVC test section as a whole. The goal of these experiments was

to demonstrate the thermal adaptability of the PVC design and to show how this

adaptability could be beneficial in reducing pumping power requirements.

5.6.1 Thermal Adaptability

To test the thermal adaptability of the PVC device, various test section heating

configurations were created by using the TECs in different combinations. Each TEC

was controlled using a consistent protocol. When a quadrant was to be heated,

power was applied to the respective TEC and the surface temperature was ramped

130



up linearly at a rate of 5◦C/min. Ramping was not stopped after the valve opening

event (as in §5.5.2), but rather it was continued without interruption until a surface

temperature of 50◦C was obtained. At that point, the power supply output was held

and only adjusted as necessary to maintain the setpoint temperature. Each heating

configuration was maintained for a minimum of 30 minutes to allow for the system

to reach steady state. When heating was to be removed from a quadrant, the power

supplied to the respective TEC was decreased so that the surface temperature ramped

down at a rate of 5◦C/min until the minimum power supply output was reached. No

power was applied to a TEC that was to be in the off state.

The test section was evaluated using two sequences of heating configurations,

called Heating Sequence 1 and Heating Sequence 2. A sequence consisted of sequen-

tially applying different heating configurations.

The time history of the test section temperatures and mass flow rate during

Heating Sequence 1 is shown in Fig. 5.14. The icons at the top of the plot indicate the

test section heating configuration. A red region in the icon indicates that the TEC

in that quadrant was on during the time interval indicated by the bracket below the

icon. As described earlier, the quadrants are numbered clockwise from 1 to 4, starting

in the lower, left-hand corner. This heating sequence began with no heating, followed

by heating of Quadrant 1 which continued for the duration of the experiment. Later,

Quadrants 2 and 4 were heated during separate periods.

The effect of the heating is most clearly seen in the surface temperatures.

During the increasing temperature ramp, each of the surface temperatures exhibit the

abrupt temperature change that is characteristic of the valve opening event. Also,

when only Quadrant 1 is being heated (approximately 10–55 minutes), the surface

temperatures of the adjacent quadrants also increase slightly due to lateral conduction
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Figure 5.14. Time history of the PVC test section response to Heating
Sequence 1. The red regions in the icons at the top show which quadrants
were being heated during the indicated time interval. Numbers in the legend
entries refer to the quadrant.

within the test section. This temperature increase is only a few degrees, and is not

sufficient to open the adjacent valves.

The mass flow rate for these experiments was calculated by averaging the

change in accumulated mass over a four minute period. The data markers in Fig. 5.14

show the average flow rate for each of these intervals. Since there was no need to

identify specific temporal events as in the microvalve experiments, a longer averaging

period was used. The heating of Quadrant 1 alone results in a mass flow rate of

approximately 0.3 g/min, but when the heating configuration includes two quadrants

(1&2 or 1&4), the flow rate doubles to 0.6 g/min. This increase in flow rate indicates
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the opening of an additional flow path in the test section.

Since the flow from all the quadrants was collected in the same container, the

mass flow rate alone is not sufficient to conclusively determine which quadrants are

open and closed. However, the flow condition in each quadrant is confirmed by the

corresponding outlet fluid temperature which indicates when the valve is open and

heated fluid is exiting. The data also shows that the flow through Quadrants 4 and

2 stopped in response to a decrease in the respective surface temperature. This is

verified by the outlet temperature and mass flow rate, which both returned to the

values seen when only Quadrant 1 was heated. Taken together, these results show

that the test section is successfully tracking the changing thermal conditions and

adapting by reconfiguring the internal flow configuration.

The time history of the test section temperatures and mass flow rate dur-

ing Heating Sequence 2 is shown in Fig. 5.15. The major difference between this

heating sequence and Heating Sequence 1 is that Sequence 2 includes a configura-

tion in which three quadrants are heated simultaneously. This sequence began with

Quadrant 1 heated1. Next, Quadrant 4 was heated and allowed to stabilize before

finally activating the heating of Quadrant 2. The heating was removed from the three

quadrants one at a time in reverse of the order that they were heated.

The response of the test section was very similar to that seen with Heating

Sequence 1, and all of the preceding comments apply here as well. The mass flow rate

and exit temperatures show that the various quadrants are responding appropriately

to the application and removal of heating. The increase in mass flow rate with each

successive valve opening is about 0.3 g/min, a value that is consistent with the results

1Heating Sequences 1 and 2 were performed in one run, so the ending conditions of Heating
Sequence 1 became the starting conditions of Heating Sequence 2.
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Figure 5.15. Time history of the PVC test section response to Heating
Sequence 2. The red regions in the icons at the top show which quadrants
were being heated during the indicated time interval. Numbers in the legend
entries refer to the quadrant.

from Heating Sequence 1. Upon removal of all heating (at about 212 minutes), flow

through the test section is stopped completely and all temperatures return to their

initial values. These results confirm the thermal adaptability of the test section under

a set of heating conditions different from those in Heating Sequence 1.

One notable difference from Heating Sequence 1 was the system upset that

occurred shortly after flow began in Quadrant 2. As shown, there were large fluctu-

ations in the temperatures and flow rate during this period. After about 20 minutes,

this behavior subsided and steady state conditions were achieved. The cause of these

fluctuations could not be determined with certainty, but they are not believed to
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be associated with any equipment malfunction. Rather, they may represent some

coupling of the dynamic valve behavior within the test section. The potential for

unstable interactions of nearby valves is a topic that should be considered for future

study.

The results of the two heating sequence experiments demonstrate the capabil-

ity of the PVC test section to adapt to a changing thermal environment by reconfigur-

ing its internal flow structure to track variations in external heat sources. When the

temperature of a quadrant exceeds the transition temperature, flow is initiated result-

ing in localized cooling. When the temperature decreases and the cooling is no longer

required, flow to the quadrant stopped. Although four square areas (quadrants) were

used in the present experiments, other cooling area geometries could be obtained

by altering the microchannel layout. Additionally, the similarity of the transition

temperatures, steady state fluid exit temperatures, and mass flow rates for the three

quadrants demonstrates that the operation of this design is reliable and repeatable

under varying thermal conditions.

5.6.2 Effect on Pumping Power

One of the most important benefits of an adaptive flow structure is that it

can reduce the pumping power required by directing flow only to regions where it is

needed. Figure 5.16 shows how the PVC design affects the pumping power in Heating

Sequence 1. This companion plot to Fig. 5.14 shows the test section performance in

terms of pumping power and heat transfer rate.

The heat transfer rates are shown as discrete symbols since they were deter-

mined from the fluid enthalpy change using the four minute average mass flow rates.

Because the flow from all quadrants was collected in the same container, the total
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Figure 5.16. Pumping power and heat transfer during Heating Sequence 1.
The red regions in the icons at the top show which quadrants were being
heated during the indicated time interval. Numbers in the legend entries refer
to the quadrant.

mass flow rate had to be allocated to the individual quadrants in order to calculate

the heat transfer for each quadrant. This was done by using average flow rates de-

termined during periods in which only a single valve was open. For example, if two

valves were open, the average flow rate was used for one quadrant and the difference

in the total and this average was assigned to the other quadrant.

For the conditions of this experiment, each quadrant requires about 0.15 W

of cooling to maintain the surface temperature at 50◦C. When heating is occurring

in two quadrants, this cooling corresponds to a pumping power of about 0.05 mW.

However, during the intervals in which heating is only occurring in Quadrant 1, flow
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is directed only to that quadrant reducing the pumping power to half of its previous

value.

As shown in Fig. 5.16, preventing flow to a quadrant results in a decrease

in the pumping power. Because the pressure drop is fixed in these experiments,

blocking the flow through a quadrant reduces the overall mass flow rate of the fluid

entering the test section (see Fig. 5.14). Recalling that the pumping power is given by

Ẇ = ṁ∆P/ρ, this reduction in mass flow rate leads to a lower pumping power. If the

mass flow rate were fixed instead of the pumping power, there would be no reduction

in pumping power. In fact, the pumping power would increase as additional flow

paths were closed because of the increase in overall flow resistance. However, if the

mass flow rate were fixed and a path was closed, the flow rate through the remaining

open paths would increase. This increase in flow rate would lead to more cooling

than required to maintain the desired surface temperature. (Notice that the surface

temperatures and heat transfer rates are approximately the same for each quadrant

in the present experiments.) In such a case, the mass flow rate would need to be

lowered to maintain an equivalent amount of cooling and this reduced mass flow rate

would then give a lower pumping power.

The pumping power and heat transfer for the PVC test section during Heating

Sequence 2 are shown in Figure 5.17. (Refer to Fig. 5.15 above for the corresponding

temperatures and mass flow rates for this experiment.) In this case, there are three

pumping power levels corresponding to the heating of one, two, and three quadrants.

Due to the thermally-adaptive design, the pumping power is changing depending on

how many quadrants require cooling.

The horizontal dashed line shows the pumping power that would be required

for a hypothetical equivalent test section that did not have a variable-complexity

137



Steady State Pumping
Power Without Variable
Complexity Design

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.00

0.02

0.04

0.06

0.08

0 25 50 75 100 125 150 175 200

H
ea

t 
T

ra
n

sf
er

 [
W

]

P
u

m
p

in
g 

P
ow

er
 [

m
W

]

Time [min]

Pumping Power Heat Transfer-Quadrant 1
Heat Transfer-Quadrant 2 Heat Transfer-Quadrant 4

Heating 
Config.

36% Pumping
Power

Reduction

70% Pumping
Power

Reduction
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design (i.e., a test section that always had flow in Quadrants 1, 2, and 4). Such a

test section would require the same pumping power regardless of the heating config-

uration (except for small variations due to the effect of the temperature-dependent

fluid viscosity.) The shaded areas show regions in which significant pumping power

reductions can be realized by using a thermally-adaptive, variable-complexity design.

Taking this example one step further, it can be seen that if there were a period during

which no cooling was required, then the pumping power could be reduced to zero.

These experiments demonstrate how utilizing an adaptive flow structure such as the

PVC test section, allows for the overall heat transfer requirements to be met while

saving on the pumping power expenditure required.
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Chapter 6

Conclusions

This work has focused on microscale complex (branched) flow architectures.

Interest in complex flow structures from an engineering perspective is due in part to

results which show that such configurations can be used to minimize flow and thermal

resistances in certain situations. Microscale systems are a particularly important

application area due to the growing trend toward engineering smaller devices. The

use of complex flow structures has the potential to address some of the challenges

encountered in microscale thermal-fluid devices, one of which is the inherently high

pressure drop that accompanies a reduction in device scale. These high pressure drops

translate into larger pumping power requirements and thus higher operational costs.

This effect is particularly significant when large numbers of devices are employed.

This study specifically focused on the effects of flow system complexity (num-

ber of branching levels in the flow system). Developing a fundamental understanding

of complexity effects and how these effects can be exploited is essential for the suc-

cessful use of complex flow structures in engineering applications. To do this, a study

was developed that had three main objectives.

The first objective involved experimentally determining how complexity affects

hydrodynamic and thermal performance in a branched flow system. Complexity is

one of the key design parameters in a complex flow system, but there is very little

experimental data available to document the effects of complexity and to confirm

theoretical predictions of performance enhancement. This research also sought to
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provide additional insight into the potential benefits of complexity by examining how

the trade-off between heat transfer and pumping power affects the overall efficiency

of a device.

The second and third objectives involved developing a new and innovative

concept for complex flow structures: the variable-complexity flow architecture. A

significant limitation of most complex flow structures as they are currently envi-

sioned is their single, static configuration. Since the optimal configuration for many

complex flow structures depends on the particular operating conditions [1, 6, 24], a

fixed-complexity design is limited in its ability to deliver maximum performance as

conditions change. More generally, this work seeks to demonstrate the benefits of an

adaptive thermal-hydraulic structure (complex or otherwise). The capability of the

flow configuration of a single device to dynamically adapt to the needs of its local

thermal-hydraulic environment represents an important means by which additional

potential gains can be made in operating efficiency.

The following sections summarize the key findings and contributions of the

present work. The experimental methods and approach is discussed first, followed by

a presentation of the key results from each of the three research objectives. Following

this, some possible future research directions are discussed.

6.1 Experimental Methods

The development of a comprehensive experimental approach for studying com-

plexity effects in microscale systems was a major part of this work. For each exper-

imental objective, it was necessary to design and fabricate prototype test articles.

A number of specialized experimental techniques were developed to measure the hy-

draulic and thermal characteristics of the test articles. These techniques were imple-
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mented in an experimental facility that was designed, constructed, and qualified for

this investigation.

All of the designs to be tested were packaged into interchangeable microfluidic

test sections. To facilitate testing, a standard design was used in which each test

section had a 1 cm square base and all the fluid interconnects were located on top.

Each test section was composed of multiple layers of PDMS, silicon, and glass which

were permanently bonded to form a monolithic device. Although most of the indi-

vidual components were fabricated using a common replica molding process, it was

necessary to develop and optimize a specialized set of microfabrication and assembly

procedures for each device.

The test facility supplied water to the test section and provided a known

heat input. In this facility, each test section was mounted in a fixture and water

was gravity-fed to it from an elevated supply reservoir. The test fixture contained a

heated copper block that served as a mounting base for the test section. The test

section was equipped with instrumentation and data acquisition systems to allow for

the measurement and recording of temperature, mass flow rate, pressure drop, heat

transfer rate, and pumping power.

A key feature of the experimental facility was that experiments could be per-

formed at fixed, known pressure drops. By using a constant-level supply reservoir,

the test section pressure drop was set by adjusting the height of the reservoir. Since

the test section pressure drop could be inferred from the hydrostatic pressure, this

arrangement eliminated the need for a direct measurement of the test section pressure

drop.

A technique was also developed to compare the relative heat transfer perfor-

mance of different test sections. This was done by monitoring the electrical power
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input required to keep the copper block within the test fixture at a specified tem-

perature. An important part of implementing this technique was minimizing heat

losses from the copper block so that the heater power input could be equated with

the test section heat transfer. Because the only variable being changed from test to

test was the complexity of the test section, this technique made it possible to make

a direct comparison of the relative heat transfer performance obtained with different

flow rates and channel configurations.

The operation of the test facility was verified by performing a series of qualifi-

cation tests. Experiments performed using a test section with a known pressure drop

confirmed the measurements of pressure drop and mass flow rate obtained with the

apparatus. Some deviations were noted at higher flow rates, but these were outside

of the range of almost all of the experimental data in this study. The heat transfer

measurements were validated by comparison of the measured heat transfer rates with

the fluid enthalpy change.

6.2 Performance of Fixed-Complexity Branched Flow Struc-
tures (Objective 1)

To examine the effects of complexity, a family of microfluidic test sections was

designed and tested. In order to isolate the effects of complexity, all of the test sections

were identical except for the complexity of the underlying microchannel configura-

tion which ranged from zero to three branching levels. Each individual test section

contained a single, fixed-complexity configuration of bifurcated microchannels with

90◦ branching angles. To eliminate area as a factor in the heat transfer performance,

the test sections were designed so that the heat transfer area was the same regardless

of the complexity. A series of experiments was performed to measure the relative
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thermal and hydraulic performance of the test sections.

The experimental results showed that each complexity level provides a dis-

tinctly different performance. Both the pressure drop and heat transfer increase with

the mass flow rate and with the complexity of the channel arrangement. The quality

of the data was also evaluated by performing a repeatability test using a second,

independent set of test sections. For the hydraulic measurements, the repeatability

was good for two of the complexity levels. The repeatability was very good for most

of the heat transfer measurements, suggesting that the heat transfer compensates for

mass flow rate differences.

Examination of the results in terms of pumping power and COP shows how

trade-offs between pressure drop and heat transfer are affecting the overall system

performance. The results indicate that by increasing complexity a specified heat

transfer rate can be achieved with less pumping power. If pumping power were

specified instead, increasing the complexity would result in more heat transfer. The

results for COP in terms of complexity show two interesting trends. First, COP

increases with complexity for all the pressure drops tested, indicating that increasing

complexity is beneficial in this case. Second, a higher COP is obtained when a

channel arrangement of a given complexity is operated at a lower pressure drop.

Taken together, these findings suggest that over the range of parameters covered in the

testing, increasing the complexity of the microchannel flow system results in improved

overall thermal-hydraulic performance. This shows one way in which complex flow

systems can potentially be beneficial. These principal findings are consistent with the

conclusions of previous theoretical investigations [16, 17, 29, 31, 33].

These experiments were also supported by a limited analytical modeling effort.

This effort involved comparison of the present experimental data with an existing
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model and the implementation of some modifications to improve the model. The main

goal of the modeling work was to obtain additional validation of the experimental

results. Predictions of the relationship between pressure drop and mass flow rate

obtained from the improved version of the model agreed well with the experimental

data for all complexities. The success of the thermal component of the model was

hampered by the lack of an appropriate heat transfer coefficient correlation. Using a

correlation that only approximately described the experimental conditions, the model

did capture the trend of the data, but the absolute agreement was not completely

satisfactory. Nevertheless, the correct prediction of the general trend and magnitude

of the data did provide some additional confidence in the experimental results.

6.3 Development of an Active Variable-Complexity Branched
Flow Structure (Objective 2)

To overcome some of the limitations imposed by fixed-complexity flow con-

figurations, the concept of a variable-complexity flow structure was proposed. To

demonstrate how such a device could be realized in practice, an active variable-

complexity (AVC) microfluidic test section was designed and tested. The design of

the AVC device integrates pneumatically actuated microvalves into a complex flow

structure. Each microvalve, which uses an externally-generated pressure signal to

deflect a thin PDMS membrane, can open or close flow passages within the channel

configuration. Using this control, the flow configuration, and thus complexity, can

be varied among a series of possible arrangements. Experimental measurements were

performed to characterize the performance of the microvalves and the effect of the

flow configuration on the hydrodynamic and thermal behavior of the test section.

Experiments performed to evaluate the microvalve design showed that the
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burst pressure for membranes with thicknesses of 36, 48, and 57 µm averaged approx-

imately 1.5 bar. From measurements of the corresponding membrane deflections,

it was found that the membranes could deflect by an average of approximately 1

mm before bursting, which is far beyond what is required for the test section design

considered here. Additionally, the hemispherical shape of the deflected membrane

combined with an ability to withstand large deflections should make this design ca-

pable of sealing against uneven or misaligned surfaces.

Several different experiments were performed to evaluate the flow control ca-

pabilities of the design. A flow visualization experiment verified the controllability

of the flow configuration. Tests performed to determine the control pressure needed

to close the valves (i.e., achieve zero flow rate) against the highest static fluid pres-

sure possible in the experimental facility (178 mbar) showed that the closing control

pressure was nearly one order of magnitude less (0.16 bar) than the average mem-

brane burst pressure. The experiments also showed that by using different pneumatic

control pressures, the valves could be used to throttle the flow in the microchannels,

thus providing another means of controlling the complex flow structure. Overall, the

microvalve design developed for this work operated reliably and provided a leak-free

seal in all the tests performed.

The hydrodynamic and thermal measurements indicated a significant effect

of the flow configuration on the pressure drop and heat transfer. More specifically,

the data shows that not only do the microvalves make it possible to select among

several complexities, but it is also possible to direct the flow to specific locations

within the flow structure. Although the test sections built and evaluated in this

study contained a fairly simple channel configuration, this work demonstrates the

feasibility of the concept. In principle, the variable-complexity design presented here
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could be extended to devices with more elaborate channel configurations.

6.4 Development of a Passive Variable-Complexity Branched
Flow Structure (Objective 3)

The passive variable-complexity (PVC) design represents a further refinement

of the variable-complexity concept. In the PVC design, all of the sensing, actua-

tion, and control functions needed for varying the flow configuration are performed

within the device. Developing an autonomous device that does not require exter-

nal equipment and power sources is an important step toward making large-scale

implementation of the variable-complexity approach more practical.

To investigate the feasibility and potential benefits of the PVC concept, a

variable-complexity, thermally-adaptive microfluidic test section was designed and

tested. The thermally-adaptive functionality requires that a flow of cooling water

be directed only to regions that exceed a critical temperature. The key components

of the PVC test section were flexible membrane microvalves that were actuated by

a temperature sensitive polymer (PNIPAAm hydrogel). This material undergoes

a large volume change in response to temperature which makes it a good choice

for controlling the microvalves within the thermally-adaptive test section. As these

microvalves open and close in response to the local temperature, they change the test

section flow configuration.

After developing the techniques needed to manufacture the microvalves, a test

section was fabricated in which the flow to each quadrant of the base area could be

independently controlled. Using a custom test fixture built for these experiments,

measurements were performed to characterize various aspects of the microvalve be-

havior and to determine how the thermally-adaptive control affected the test section
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thermal-hydraulic performance.

To determine how the test section would respond to dynamic thermal con-

ditions, the opening and closing behavior of the polymer valves was studied over a

range of heating and cooling rates. The heating and cooling rates were established

by linearly ramping the temperature on the bottom surface of the test section. The

valve opening was always marked by an abrupt drop in the surface temperature and

a corresponding increase in the outlet temperature. These temperature changes were

the result of an inflow of cool fluid and an outflow of warmed fluid that accompanied

the initiation of flow through a given quadrant. In some cases, the surface tempera-

ture would undergo a series of damped oscillations before reaching steady state, and

in other cases these oscillations were absent. These oscillations are believed to be the

result of an internal thermal feedback mechanism that causes valve instability, but

no definite relationship could be found with other experimental conditions. The mass

flow rate also typically exhibited some fluctuations after opening. As heating was

continued, the mass flow rate and temperatures all attained a steady state. During

the cooling period, the mass flow rate would reach zero indicating that the valve had

closed.

An examination of the specific surface temperatures at which the valves opened

and closed showed that these transition temperatures were being affected by the

heating and cooling rates. As the heating rate increased, the valve opening occurred

at increasingly higher temperatures. Similarly, increasing the cooling rate caused the

valve to close at lower temperatures. This behavior is most likely caused by a thermal

lag between the temperature on the surface and the actual temperature of the polymer

inside the valves. Both the opening and closing transition temperatures also appear

to be approaching an asymptotic value at the lower heating rates, where the thermal
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lag effect should be minimized. Comparison of the opening transition temperature

results for three different valves as well as repeated tests on the same valve, show

that the behavior is very consistent. The closing transition temperatures were not as

consistent, but this can be largely attributed to difficulties in determining the precise

time at which a valve closed. The consistency of the opening and closing was also

confirmed in an experiment in which a valve was subjected to repeated thermal cycles.

The thermal adaptability of the PVC test section was tested by sequentially ap-

plying different heating configurations. Each of these configurations consisted of heat-

ing a specific combination of test section quadrants. The temperatures and mass flow

rate confirmed that each quadrant responded independently to the heating. When

heating was applied to a quadrant, the corresponding valve opened and initiated

flow. Flow stopped once heating ceased. These results were repeated for various

configurations consisting of heating one, two, and three quadrants at once. In all the

experiments, the test section successfully tracked the changes in the external heat

sources by adapting and reconfiguring its internal flow structure.

The heating configuration experiments also showed how the PVC design can

reduce pumping power requirements. Because of the thermally adaptive design, flow

is automatically directed only to quadrants that require cooling. There is no flow

in quadrants that are not being heated. Since the test section pressure drop was

fixed in these experiments, stopping the flow to a quadrant reduced the total mass

flow rate thus lowering the pumping power. The savings to be realized from control-

ling the flow to a region depends on how many total regions there are, but, in the

limit, it is possible to realize a 100% reduction in pumping power during periods in

which no cooling is required. The ability of the thermally-adaptive design to meet

specific heat transfer requirements while reducing the pumping power expenditure
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is one of the most important benefits of the variable-complexity concept. Although

the overall pumping power requirements were trivial in the present experiments, the

potential savings would be more substantial in applications involving a large scale

implementation of many such devices.

6.5 Recommendations for Future Work

The investigation of fixed-complexity complex flow structures showed that over

the range of parameters investigated, increasing complexity was beneficial. It would

be useful to extend these results by performing experiments over a wider range of

parameters. Experience gained with the test sections fabricated in this study showed

that the design is very robust, so performing experiments at higher pressure drops and

heat transfer rates should be possible with the current design. In particular, higher

heat fluxes should be considered. Experiments at higher heat fluxes are needed to

determine if similar benefits of increased complexity can be realized at heat transfer

rates typical of those found in applications.

Testing of complex flow structures of higher complexities than those consid-

ered here should also be considered. However, due to the very small microchannel

sizes required, this would likely involve some fabrication and experimental challenges.

Several investigations have noted that as complexity is increased, there is an optimal

complexity [12, 13]. Although there was no evidence of optima in the results obtained

in this investigation, extending the experimental data to a wider range of parame-

ters and complexities might indicate if there is a limit to the benefits of increasing

complexity. Also, the complex flow structure selected for testing in the present work

was only an example of many possible designs. If similar benefits of complexity could

be confirmed in other configurations, it would help to generalize the results of this
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investigation and show that the complex flow structure is a viable design concept.

Temperature uniformity is also an important factor that was not considered

in this work. In some applications, temperature non-uniformities can lead to un-

desirable thermal stresses. In the published work on complex flow structures, very

little attention has been given to designing systems which minimize temperature non-

uniformities. It would be very useful to re-examine the thermal-hydraulic benefits of

complex flow structures in the context of this important constraint.

The agreement of the improved system model predictions and the experimen-

tal data shows that this modeling approach has the potential to be a useful tool for

studying the behavior of complex flow structures. Since modeling was not a primary

focus in this work, further refinement of the model was not pursued. The most out-

standing need is for improvement of the thermal component of the model. Finding or

developing an appropriate heat transfer coefficient correlation would be an important

step in improving the model. Also, it would be useful to attempt to validate the

model against other published data. In particular, comparison with data from other

flow configurations would allow the applicability of the model to be generalized.

The work done here on the PVC design is just a first step toward exploiting

the benefits of adaptive thermal-hydraulic structures. Now that the potential of the

variable-complexity concept has been demonstrated, other designs and other applica-

tions should be considered. Focusing on just the PVC design, the present work points

to a need for a better understanding of the behavior of the polymer microvalves, par-

ticularly with regard to opening oscillations and throttling. A detailed study of valve

deflection as a function of temperature (similar to the experiments performed with

the pneumatically actuated valves) would be very useful. Testing over a large num-

ber of cycles and at higher heat fluxes is also needed to confirm the durability and
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repeatability of the design. The ability to design a valve to have a specific opening

temperature is a critical issue, and will likely involve altering the chemistry of the

polymer. Finally, the technique of photopolymerization is a more feasible approach

for efficiently fabricating large numbers of valves. Perfecting this technique and a de-

sign that takes advantage of valves fabricated using this method would be a significant

step toward making the variable complexity concept more viable.
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Appendix A

Detailed Experimental Procedures

This appendix contains the detailed, step-by-step procedures that were used

to perform the experiments described in Chpts. 3–5. This documentation is included

as an aid to those performing similar experiments in the future and it also serves

as a reference for anyone seeking additional details about how the experiments were

performed. These procedures assume that a completed test section is available. Fab-

rication of the individual test sections is discussed in the corresponding chapters as

noted in each section below. The procedures used to analyze the experimental data

are presented in Chpt. 2 and also in the corresponding chapters.

A.1 General Pre-Test Preparations

The following are the procedures used for installing the test section in test

fixture and for starting up the system prior to beginning a particular series of tests.

Except as noted, these procedures were used for both the fixed and active variable

complexity experiments. The passive variable-complexity experiments used a different

procedure which is described in §A.4.

A.1.1 Test Section Installation

1. Apply a light coating of thermal paste to the bottom of the test section and

place it in the test fixture cavity. Use the clamping system to hold down the test

section on top of the copper block. Make sure that the test section is uniformly
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seated on the block in the test fixture.

2. Connect the upstream and downstream tubing lines to the test section. Use

the alligator clips on the support arms attached to the facility structure to

hold the tubing in position and to prevent any stress from being placed on the

interconnect needles. To prevent collapse of the tubing, the alligator clip should

be placed immediately adjacent to the Luer-Lock connector (where the tubing

is supported internally by the connector barb). Verify that the test section has

not lifted off the copper block during this process and that the interconnect

needles are free from stress.

3. Use a syringe to push water through the test section and attached tubing lines

to force out all air.

4. Connect the upstream supply tubing and purge the air from the system by

opening the supply reservoir valve for a few seconds and flowing liquid out of

the open thermocouple port in the upstream tee. Procedures for filling the

supply reservoir are presented below in §A.1.2.

5. Install the upstream thermocouple.

6. Connect the downstream outlet tubing and purge the air from the system by

opening the supply reservoir valve for a few seconds and flowing liquid out of

the open thermocouple port in the downstream tee.

7. Install the downstream thermocouple.

8. Connect wires to thermocouples and adjust the thermocouple positions so that

the tip of each probe is located as deep as possible inside the interconnect needle

hub.
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9. Insulate all tubing on the upstream side and cover the test section with insula-

tion.

A.1.2 Equipment Start-Up

1. Turn on the balance, power supply, and data acquisition system.

2. Verify that the circulation pump is connected to the negative side of the power

supply and the heater is connected to the positive side. The positive lead of the

heater cable should be left disconnected until a test begins.

3. Start the data acquisition program and enter a name for the data log file.

4. Start the circulation pump by turning on the power supply outputs using the

control in the data acquisition program. Ensure that steady overflow from the

supply reservoir is observed. The flow rate can be adjusted by changing the

power supply voltage (negative side of supply) using the controls on the front

of the power supply. (There is no control for this through the data acquisition

program.)

5. Zero (tare) the balance and place the collection container on the balance.

6. Turn on the chiller (if required) and adjust the temperature setpoint. Verify

that the two external loop isolation valves (located on the back of the chiller)

are open.

7. Initiate flow through the test section by removing the cap on the outlet tube

and opening the supply reservoir valve.

8. Verify that no errors are indicated in the data acquisition program and that

reasonable readings are being obtained from all instruments.
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A.2 Fixed Complexity Experiments

The following are the procedures used for the experiments with the fixed com-

plexity test sections presented and discussed in Chpt. 3.

A.2.1 Flow Rate/Heat Transfer Tests

1. Set the supply reservoir position by loosening the tank support bracket and

moving the tank up or down the vertical rail. Stops are located at four fixed

elevations to allow for repeatable placement of the tank. Verify that the supply

reservoir valve is open.

2. Turn on the heater by plugging the positive lead of the heater cable into the

positive side of the power supply.

3. Adjust the controls iteratively to stabilize inlet temperature (14.0◦C) and heater

temperature (24.0◦C). Inlet temperature is set by adjusting the chiller setpoint

and heater temperature is set by adjusting the heater voltage (using the con-

trols in the data acquisition program). Temperatures should not deviate from

setpoint values by more than ±0.1◦C, i.e., 14.0± 0.1◦C and 24.0± 0.1◦C.

4. Once steady-state is reached, record data for five minutes. Since the data

acquisition program is continually logging data, no action is required to record

data; however, the desired beginning and ending times of the test period must

be noted so that this data subset can later be extracted from the data log file.

Do not change any control settings during the data collection period. During the

five minute data collection period, manually record nominal parameter values on

the data record form. Accumulated mass readings on this form must correspond

to the exact start and stop of the five minute test period. Other readings are
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estimated average valves.

5. Compare the heater power input and enthalpy change during the experimental

run. Abnormal values may indicate a problem with the experiment.

6. Periodically check the mass of water collected in the container sitting on the

balance and empty as necessary to avoid overloading the balance (maximum

600 g).

A.3 Active Variable-Complexity Experiments

The following are the procedures used for the experiments with the variable-

complexity test sections presented and discussed in Chpt. 4.

A.3.1 Valve Closing Tests

1. Install 5 ml syringes in the two syringe pumps, and, before connecting tubing

to the syringes, set the syringes at a neutral position (half stroke).

2. For this test, the facility downstream fluid outlet tubing is not connected. This

is done to minimize the backpressure on the valve and to make observation of

the closure condition more precise.

3. Set the supply reservoir position by loosening the tank support bracket and

moving the tank up or down the vertical rail. Stops are located at four fixed

elevations to allow for repeatable placement of the tank. Verify that the supply

reservoir valve is open.

4. Configure the pneumatic control tubing connections to the syringes for the

desired flow configuration. The two valves to be closed should be on the same
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syringe pump. The valve under test should be connected to one of the syringes

in the other pump. Additionally, the digital pressure gauge should be connected

to the control line operating the valve under test.

5. Disconnect the control tubing line on the valve under test to ensure there is no

pressure on the valve and zero the digital pressure gauge.

6. Use the syringe pump to close the two valves that are to be shut for the test. The

pressure applied to these valves should be monitored with the analog pressure

gauge attached to each line. A control pressure of at least 2 psi is sufficient for

complete closure of the valves.

7. Begin increasing the control pressure on the valve under test while monitoring

the pressure with the digital pressure gauge. Increase the control pressure at

a rate of 1 ml/min until dripping of water at the downstream end of the test

section slows considerably. Then, change to a 0.5 ml/min rate and increase

pressure in 0.2 to 0.1 kPa steps to capture the point at which the dripping

stops.

8. Monitor the outlet and note the pressure for which no drip is seen for a period

of three minutes.

9. Record the final valve actuation pressure, inlet temperature, ambient tempera-

ture, and fluid level.

10. Confirm that the valve actuation pressure on the two closed valves has remained

constant throughout the period of the test run by observing the analog pressure

gauges.

11. Move all syringes back to the neutral (0 psi) position.
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A.3.2 Flow Rate/Control Pressure Tests

1. Install 5 ml syringes in the two syringe pumps, and, before connecting tubing

to the syringes, set the syringes at a neutral position (half stroke).

2. Set the supply reservoir position by loosening the tank support bracket and

moving the tank up or down the vertical rail. Stops are located at four fixed

elevations to allow for repeatable placement of the tank. Verify that the supply

reservoir valve is open.

3. Configure the pneumatic control tubing connections to the syringes for the

desired flow configuration. The two valves to be closed should be on the same

syringe pump. The valve under test should be connected to one of the syringes

in the other pump. Additionally, the digital pressure gauge should be connected

to the control line operating the valve under test.

4. Disconnect the control tubing line on the valve under test to ensure there is no

pressure on the valve and zero the digital pressure gauge.

5. Use the syringe pump to close the two valves that are to be shut for the test. The

pressure applied to these valves should be monitored with the analog pressure

gauge attached to each line. A control pressure of at least 2 psi is sufficient for

complete closure of the valves.

6. Increase the pressure on the valve under test in discrete steps beginning with the

lowest (vacuum) pressure. Tests should preferably be done in one continuous

series.

7. The digital pressure gauge cannot be used for vacuum. For pressures lower than

atmospheric pressure, the vacuum level must be read from the analog gauge. Af-
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ter completion of the vacuum tests, the tubing line can be disconnected (opened

to atmosphere) for the zero pressure test and then the digital pressure gauge

can be connected for the positive pressure tests.

8. By adjusting the chiller setpoint, stabilize the inlet temperature (24◦C). For

these tests, the copper block heater is disconnected.

9. Once steady-state is reached, record data for five minutes. Since the data

acquisition program is continually logging data, no action is required to record

data; however, the desired beginning and ending times of the test period must

be noted so that this data subset can later be extracted from the data log file.

Do not change any control settings during the data collection period. During the

five minute data collection period, manually record nominal parameter values on

the data record form. Accumulated mass readings on this form must correspond

to the exact start and stop of the five minute test period. Other readings are

estimated average valves.

10. Periodically check the mass of water collected in the container sitting on the

balance and empty as necessary to avoid overloading the balance (maximum

600 g).

11. Confirm that the valve actuation pressure on the two closed valves has remained

constant throughout the period of the test run by observing the analog pressure

gauges.

12. Continue testing by changing the valve actuation pressure to the next test pres-

sure step. For the increasing pressure series, the last pressure step should close

the valve under test. After completing this step, verify that there is no flow at
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the system outlet. This step confirms that the two closed valves did not begin

leaking during the test run.

13. Decrease the pressure on the valve under test in discrete steps and follow the

procedure in Steps 7–12. Tests should preferably be done in one continuous

series.

14. Move all syringes back to the neutral (0 psi) position.

A.3.3 Flow Rate/Heat Transfer Tests

1. Install 5 ml syringes in the two syringe pumps, and, before connecting tubing

to the syringes, set the syringes at a neutral position (half stroke).

2. Set the supply reservoir position by loosening the tank support bracket and

moving the tank up or down the vertical rail. Stops are located at four fixed

elevations to allow for repeatable placement of the tank. Verify that the supply

reservoir valve is open.

3. Configure the pneumatic control tubing connections to the syringes for the

desired flow configuration. The two valves to be closed should be on the same

syringe pump. The valve under test should be connected to one of the syringes

in the other pump.

4. Use the syringe pumps to close all valves and verify that there is no flow at the

system outlet. The pressure applied to these valves should be monitored with

the analog pressure gauge attached to each line. A control pressure of at least

2 psi is sufficient for complete closure of the valves. This step confirms that the

valves that are to be closed for the test are completely shut.
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5. Use the syringe pump to open the valve(s) for the desired flow configuration.

Valves should be opened to a vacuum level of -2.0 inHg or more to ensure full

opening.

6. Turn on the heater by connecting the positive lead of the heater cable to the

positive side of the power supply.

7. Adjust the controls iteratively to stabilize inlet temperature (14.0◦C) and heater

temperature (24.0◦C). Inlet temperature is set by adjusting the chiller setpoint

and heater temperature is set by adjusting the heater voltage (using the con-

trols in the data acquisition program). Temperatures should not deviate from

setpoint values by more than ±0.1◦C, i.e., 14.0± 0.1◦C and 24.0± 0.1◦C.

8. Once steady-state is reached, record data for five minutes. Since the data

acquisition program is continually logging data, no action is required to record

data; however, the desired beginning and ending times of the test period must

be noted so that this data subset can later be extracted from the data log file.

Do not change any control settings during the data collection period. During the

five minute data collection period, manually record nominal parameter values

on the data record form. Collected mass readings on this form must correspond

to the exact start and stop of the five minute test period. Other readings are

estimated average valves.

9. Compare the heater power input and enthalpy change during the experimental

run. Abnormal values may indicate a problem with the experiment.

10. Periodically check the mass of water collected in the container sitting on the

balance and empty as necessary to avoid overloading the balance (maximum

600 g).
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11. Confirm that the valve actuation pressure on the two closed valves has remained

constant throughout the period of the test run by observing the analog pressure

gauges.

12. After completion of data collection, use the syringe pump to close the valve(s)

opened for the test and verify that there is no flow at the system outlet. This

step confirms that the closed valves did not begin leaking during the test run.

13. Move all syringes back to the neutral (0 psi) position.

A.3.4 Membrane Deflection Tests

The membrane deflection tests were performed on a special membrane test

section (see §4.3) which was not installed in the test facility.

1. Install a syringe in the syringe pump, and, before connecting tubing to the

syringe, set the syringe at the full-open position. To ensure that sufficient

volume is available to test the membrane completely to failure, a large-volume

syringe should be used (i.e., 25 ml or larger).

2. Using tubing, connect the membrane test section to the digital pressure gauge

and syringe pump. This system should be carefully checked for leaks prior to

first use.

3. Position the test section and microscope to measure membrane deflection by

viewing down the face of the test section. Open the microscope image cap-

ture and analysis software. By viewing a printed scale, calibrate the distance

measuring function of the software. It may be helpful to pressurize the valve

membrane slightly (10 kPa maximum) in order to adjust the microscope focus.
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4. Disconnect the tubing from the test section and zero the digital pressure gauge.

5. Clear the maximum recording (peak capture) on the digital pressure gauge.

6. Set the syringe pump for an infusion rate of 3.0 ml/min.

7. Perform tests using the following sequence of steps, which should be followed

without interruption until membrane failure occurs.

(a) Clear the stopwatch.

(b) Begin infusion on the syringe pump. Infusion should increase the valve

actuation pressure by approximately 10 kPa. Start timing with the stop-

watch when the pump stops moving. Record an image as soon as the

pressure stabilizes. The image filename should identify the test and exact

pressure applied.

(c) Repeat the sequence once 20 s have elapsed.

8. After testing is complete, record the membrane rupture pressure (peak pressure)

and label the test section so that the specific valve tested can be matched to

the sequence of images.

A.4 Passive Variable-Complexity Experiments

The following are the procedures used for the experiments with the passive

variable-complexity test sections presented and discussed in Chpt. 5. The test pro-

cedure for these experiments also included periodically deaerating the water used for

testing by boiling it prior to use. This step was performed every one to two testing

days to prevent the formation of vapor bubbles in the water as it was heated inside

the test section.
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A.4.1 Equipment Start-Up

1. Turn on the balance, power supplies, and data acquisition system. Two power

supplies are used. The positive side of the first power supply (PS1) operates

the circulation pump while the negative side of PS1 and both outputs (positive

and negative) of the second power supply (PS2) provide power to the TECs.

2. Start the data acquisition program and enter a name for the data log file.

3. Start the circulation pump by turning on the PS1 outputs. Ensure that steady

overflow from the supply reservoir is observed. The flow rate can be adjusted

by changing the PS1 voltage (positive side of power supply).

4. Zero (tare) the balance and place the collection container on the balance.

5. Verify that no errors are indicated in the data acquisition program and that

reasonable readings are being obtained from all instruments.

A.4.2 Transition Temperature Tests

1. Connect the tubing line from the system outlet to the fluid outlet of the test

section quadrant under test.

2. Set the supply reservoir position by loosening the tank support bracket and

moving the tank up or down the vertical rail. Stops are located at four fixed

elevations to allow for repeatable placement of the tank.

3. Removing the cap on the outlet tube and open the supply reservoir valve.

4. Connect the TEC of the test section quadrant under test to the negative side

of PS2. If proper polarity is maintained (red to red, black to black) on the
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terminals, the TEC will be in heating mode when connected to the negative

side of the power supply. Verify the the serial communications cable from the

computer is connected to the data port on the back of PS2.

5. Set the value of the ramping constant in the data acquisition program for the

desired increasing temperature ramp rate. Use a positive constant for increasing

the temperature.

6. Set the PS2 negative side output current to the minimum output (0.005 A) and

turn on the PS2 outputs. Allow conditions to stabilize.

7. Click the button in the data acquisition program to initiate automatic ramping

of the supply output current. Because the response of a TEC is non-linear, the

ramping constant will have to be adjusted slightly during a test run in order to

maintain the desired ramp rate. The real-time ramp rate is continually updated

and displayed by the data acquisition program.

8. Once the valve opens, immediately click the switch in the data acquisition

program to stop the ramping. The power supply will hold the current setting.

9. Allow the system to obtain a steady-state condition. After steady conditions

are obtained, manually record nominal parameter values on the data record

form.

10. Set the value of the ramping constant in the data acquisition program for the de-

sired decreasing temperature ramp rate. Use a negative constant for decreasing

the temperature.

11. Click the button in the data acquisition program to initiate automatic ramp-

ing of the supply output current. Again, the ramping constant will have to
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be adjusted slightly during a test run in order to maintain the desired ramp

rate. The real-time ramp rate is continually updated and displayed by the data

acquisition program.

12. Once the power supply output reaches the minimum output (0.005 A), the

program will stop ramping and hold the value. After reaching this value, turn

off the PS2 outputs.

13. Record observations on the data record form and verify that there is no flow

coming from the system outlet.

A.4.3 Pumping Power/Heat Transfer Tests

This section presents the procedure used for one test section quadrant in the

pumping power and heat transfer experiments described in §5.6. This experiment

involved heating the test section quadrants in various combinations, and the actual

sequence of the test is described in the referenced section. Note also that simultaneous

operation of the three TECs required using the negative side of PS1 and both outputs

(positive and negative) of PS2.

1. Connect tubing lines from the fluid outlets of each test section quadrant to the

system outlet.

2. Turn on the chiller and adjust the temperature setpoint. Verify that the two

external loop isolation valves (located on the back of the chiller) are open. The

chiller setpoint should be adjusted as needed to maintain the test section inlet

fluid temperature at 24.0± 1.0◦C.

3. Set the supply reservoir position by loosening the tank support bracket and
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moving the tank up or down the vertical rail. Stops are located at four fixed

elevations to allow for repeatable placement of the tank.

4. Removing the cap on the outlet tube and open the supply reservoir valve.

5. Follow the procedures in §A.4.2, Steps 4–7 to ramp up the surface temperature

for the test section quadrant under test at 5◦C/min. Once the valve opens,

continue ramping at the same rate until a steady surface temperature of 50.0±

0.2◦C is obtained.

6. After conditions stabilize, the controls should be adjusted as necessary to main-

tain the conditions for at least 30 min.

7. To close the valve, follow the procedures in §A.4.2, Steps 10–12 to ramp down

the surface temperature for the test section quadrant under test at 5◦C/min.
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