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 Drawing from the lessons of plant transpiration, this dissertation explores a 

biomimiced system for fluid transport and thermal regulation. This system utilizes 

evaporation and benefits from the associated passive pumping with an application of a 

rooftop solar radiation barrier in mind. By directing the incoming energy towards the 

phase change of water, lower surface temperatures can be maintained thus reducing heat 

transfer into the structure by conduction. In order to design and construct such a bio-

inspired system, several parameters, i.e., the evaporation surface, the delivery path and 

the working fluid, must be understood as to how they affect and limit operations. 

Performance factors such as evaporation rate and suction pressure were monitored for the 

various design constraints of feeding tube length and diameter, membrane area, and 

working fluid. Additionally, as a heat flux was imposed on the membrane from above and 

below, the substrate temperature became important. Over the range of parameters tested, 

hydrodynamic resistances of the delivery path were shown to affect pumping height but 

not the evaporation rate. Instead, the evaporation rate was controlled by the substrate 

temperature. Furthermore, the normalized evaporation rate was found to be inversely 
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related to the evaporation surface area. Under contaminated working fluid conditions, 

particles deposited in the membrane caused decreases in evaporation rates. When applied 

to a simulated roof situation, the evaporation system was successful at maintaining 

considerably lower surface temperatures than other conventional and unconventional roof 

albedos, which, in turn, would reduce heat flux into the interior by conduction. Lastly, in 

estimating the water consumption, on a typical August day in Austin, TX, the system 

could use up to 2 gallons/m
2
 while providing enhanced cooling. When the system’s 

resources were compared to being purposed in other ways, they were arguably better 

utilized in providing evaporative cooling. 

  



viii 

 

Table of Contents 

List of Tables  ................................................................................................................  x 

List of Figures ................................................................................................................ xi 

Nomenclature  ................................................................................................................  xiv 

Chapter 1: Introduction  ................................................................................................. 1 

 1.1: Transpiration Background  ......................................................................... 1 

 1.2 Energy Consumption Background  .............................................................. 3 

 1.3: Capillary Transport  .................................................................................... 6 

 1.4: Biomimicing Transpiration  ........................................................................ 7 

 1.5: Roof Thermal Shielding ............................................................................. 11 

 1.6: Proposed Work  .......................................................................................... 13 

Chapter 2: Characterization of Geometric Parameters  ................................................. 15 

 2.1: Experimental Setup  .................................................................................... 15 

 2.2 Membrane Characterization  ........................................................................ 17 

 2.3: Experimental Procedure  ............................................................................. 18 

 2.4: Experimental Results  ................................................................................. 19 

Chapter 3: Evaporative Cooling of an Internally Heated Surface  ................................ 25 

 3.1 Experimental Setup  ..................................................................................... 25 

 3.2 Experimental Procedure  .............................................................................. 27 

 3.3 Experimental Results  .................................................................................. 28 

Chapter 4: Membrane Degradation Study  .................................................................... 34 

 4.1 Experimental Setup  ..................................................................................... 34 

 4.2 Experimental Procedure  .............................................................................. 35 

 4.3 Membrane Integrity Results  ........................................................................ 36 

 4.4 Membrane Degradation Results  .................................................................. 39 

Chapter 5: Evaporative Cooling of an Externally Heated Surface  ............................... 43 

 5.1: Experimental Setup  .................................................................................... 43 

 5.2 Experimental Results  .................................................................................. 47 

Chapter 6: Resource Allocation Analyses  .................................................................... 55 



ix 

 

 6.1: Water Consumption  ................................................................................... 55 

 6.2: Solar Radiation Usage  ............................................................................... 58 

 6.3: Cost Analysis  ............................................................................................. 59 

Chapter 7: Comments on Evaporation  .......................................................................... 61 

 7.1: Evaporation  ................................................................................................ 61 

 7.2: Atmospheric Conditions  ............................................................................ 61 

Chapter 8: Conclusion ................................................................................................... 64 

 8.1: Summary of Results Obtained  ................................................................... 64 

 8.1.1: Characterization of Geometric Parameters  ............................................. 64 

 8.1.2: Evaporative Cooling of an Internally Heated Surface  ............................ 65 

 8.1.3: Membrane Degradation Study  ................................................................ 66 

 8.1.4: Evaporative Cooling of an Externally Heated Surface  ........................... 67 

 8.2: Comparison with Resource Equivalent Technologies  ............................... 67 

 8.3: Additional Comments on System Operations  ............................................ 68 

 8.4: Future Directions to be Pursued ................................................................. 69 

Appendix A: Calibration and Uncertainty of Thermocouples  ...................................... 70 

Appendix B: Calibration and Uncertainty of Pressure Transducer  .............................. 72 

Appendix C: Lamp Intensity Calibration  ...................................................................... 74 

Appendix D: Calculating the Reflectivity and Absorptivity  ......................................... 75 

Appendix E: Thermal Assumptions Validation  ............................................................ 76 

Appendix F: Heat Loss through Insulation Validation  ................................................. 77 

References  ..................................................................................................................... 78 

 

 

 

  



x 

 

List of Tables 

Table 7.1:  Normalized evaporation rates for correlations of evaporation for still 

pools.  ..................................................................................................... 62 

  



xi 

 

List of Figures 

Figure 1.1:  Movement of water through a plant [4].  ............................................... 2 

Figure 1.2:  2011 energy flow to individual sectors for the U.S. Provided by the U.S. 

Energy Information Administration, Annual Energy Review 2011 

[18].  ................................................................................................. 5 

Figure 1.3:  2011 electricity flow to individual sectors for the U.S. Provided by the 

U.S. Energy Information Administration, Annual Energy Review 2011 

[18].  ................................................................................................. 6 

Figure 1.4:  Wheeler and Stroock’s synthetic tree network [9].  ............................... 9 

Figure 1.5:  Guan et al.’s evaporative membrane micropumping system [41].  ....... 11 

Figure 2.1:  Experimental evaporative pumping system setup. ................................ 16 

Figure 2.2: SEM images showing the structure of the porous membrane evaporative 

surface.  ............................................................................................ 18 

Figure 2.3: Typical data collection of mass evaporation rate showing repeatability 

between trials. Parameters: 254.0 μm channel diameter, 2.54 cm 

channel length, and surface diameters of 5.08, 10.16, and 15.00 cm. 

  .......................................................................................................... 20 

Figure 2.4: Typical suction pressures as the membrane dries out for varying micro 

channel diameters. Parameters: channel length of 2.54 cm and 

membrane diameter of 15.00 cm.  ................................................... 22 

Figure 2.5  Effect of the micro channel length on the suction pressure. Parameters: 

254.0 μm channel diameter, 15.00 cm membrane diameter.  .......... 23 

Figure 2.6: Effect of the membrane diameter on the absolute and normalized 

evaporation rates. Parameters: 254.0 μm channel diameter, 2.54 cm 

channel length.  ................................................................................ 24 

Figure 3.1:  Evaporative pumping system with heater.  ............................................ 26 

Figure 3.2:  Evaporation rate verse power supplied for a surface diameter of 15 cm. 

  .......................................................................................................... 28 



xii 

 

Figure 3.3:  Evaporation rate versus temperature of plate for a membrane surface 

diameter of 15 cm.  .......................................................................... 30 

Figure 3.4:  Evaporation rates and normalized evaporation rates verse membrane 

surface area for 4.5 W supplied to the heater.  ................................. 31 

Figure 3.5:  (left axis) Evaporation rates as a function of the heater temperature for 

various membrane diameters for a heater power of 4.5 W. (right axis) 

Temperature of the heater with varying evaporative surface diameters. 

  .......................................................................................................... 32 

Figure 3.6:  Suction pressure as 15 cm diameter membranes dried for various heater 

powers.  ............................................................................................ 33 

Figure 4.1:  Evaporation rate for extended time trials for PVDF and glass fiber 

membranes.  ..................................................................................... 37 

Figure 4.2: SEM images showing the glass fiber membrane (a) new, (b) post 

evaporation, half radius and (c) post evaporation, radial center, all at 

700x. ................................................................................................ 38 

Figure 4.3:  SEM image of the PVDF membrane at 1500x.  .................................... 39 

Figure 4.4:  Time-lapse imaging of salt accumulation in a PVDF membrane.  ........ 40 

Figure 4.5:  SEM image comparison of a PVDF (a) new membrane and (b) a 

membrane post degradation testing.  ............................................... 40 

Figure 4.6:  Decrease in evaporation rate over time as salt built up in a PVDF 

membrane. ........................................................................................ 41 

Figure 5.1:  The evaporation system setup showing the major components.  ........... 44 

Figure 5.2:  A cross section of the test section showing the membrane sitting on top of 

the copper plate and acrylic disk with evacuated space. The water flow 

to and evaporation from the membrane can be seen along with the air 

path.  ................................................................................................. 45 

Figure 5.3:  Spectral reflectance for both a wet and dry membrane when backed by 

copper.  ............................................................................................. 47 



xiii 

 

Figure 5.4:  Evaporation rate with respect to time for different lamp power outputs 

showing steady state.  ...................................................................... 48 

Figure 5.5:  Temperature of the copper plate test section under various loading 

conditions imposed by the lamp for an evaporating membrane at 

steady state operations.  ................................................................... 49 

Figure 5.6:  Plate temperature for an evaporating and dry membrane along with the 

calculated EPDM covered copper plate temperature under different 

lamp intensities.  .............................................................................. 50 

Figure 5.7:  Effect of plate temperature on evaporation rate (left vertical axis) and 

cooling required to maintain particular plate temperatures for 

evaporating and dry membranes (left vertical axis), all for a lamp 

intensity of 315 W/m
2
.  .................................................................... 52 

Figure 5.8:  Cooling required to maintain a constant plate temperature of 20°C for an 

evaporating and dry membrane.  ...................................................... 54 

Figure 6.1:  Total water consumption over the course of a typical August day in 

Austin, TX (Aug 2, 2012).  .............................................................. 56 

Figure 6.2:  Electricity general for a c-Si PV panel at 11% efficiency.  ................... 59 

Figure A.1:  Typical calibration plot for a thermocouple. ......................................... 70 

Figure B.1:  Typical calibration plot for a pressure transducer.  ................................ 72 

Figure C.1:  2D intensity map with the lamp on the 250 W.  .................................... 74 

Figure E.1:  Constant plate temperature was observed with thermocouples places at 

different locations in the plate. From Chapter 5, evaporation was 

occurring with no cooling assistance for a lamp intensity of 315 W/m
2
. 

  .......................................................................................................... 76 

 

 

 

 

 



xiv 

 

Nomenclature 

 

cp specific heat   kJ/kg/K 

g gravitational acceleration m/s
2
 

H Height    m of water 

Kp Permeability   m
2
 

m  Mass Flow Rate  kg/s 

q Flow Rate   m/s 

q Heat Flux   W/m
2
    

P Pressure   Pa 

T Temperature   K (°C) 

ρ Density    gm/cm
3
 

µ Viscosity   Pa·s 

  Gradient   dimensionless



1 

 

Chapter 1. Introduction 

The processes of nature have been a great source of inspiration for man; perhaps 

the most famous being man’s desire to fly. Based on the study and imitation of nature’s 

systems, the field received its identifying name, biomimetics, from Otto Schmitt in the 

1950’s [1, 2]. Of interest in this dissertation is biomimicing the process of transpiration in 

plants for passive fluid transport and thermal assistance with the motivation of reducing 

energy consumption related to building cooling. Therefore, below, the following topics 

are reviewed to show the extent of existing work related to transpiration biomimicry, the 

energy intensity of building cooling in the commercial sector, evaporation work related to 

roof thermal shielding and the basics of capillary transport which will be utilized in fluid 

transport in the proposed system’s evaporative membrane.   

 

1.1 Transpiration Background 

Transpiration is the passive flow of water in plants from the soil to the 

atmosphere. In plants, whose height is greater than the capability of capillary action to 

overcome gravity, transpiration is relied on for moving water and minerals throughout the 

body via xylem [3], as depicted in Figure 1.1 [4]. The transpiration process begins when 

plants take in carbon dioxide for photosynthesis through pores on the underside of the 

leaves called stomata. During this process, water vapor escapes, generating a suction 

pressure, which can be traced through the plant body, down to the root system, which in 

turn brings in water from the soil. As the water flows inward, it brings dissolved minerals 

from the soil, which is vital to the health of the plant. Additionally, transpiration prevents 

leaves from overheating in direct sunlight [5, 6]. One of the main advantages of 

transpiration is that it is a passive evaporative pumping operation that does not require the 

assistance of pumps, valves or moving parts, making it a robust system with diminished 

maintenance requirements. 
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Fig. 1.1: Movement of water through a plant [4]. 

 

According to Dixon and Joly’s Cohesion Theory [7], suction pressures up to –1.0 

MPa can be imposed by root systems, pulling water from the soil to replenish what had 

been evaporated from the leaves [8, 9]; a good example being the redwood trees of the 

Pacific Northwest, which can be over 100 meters high [10].Since the development of 

Cohesion Theory, more extensive investigations have been conducted showing that fluid 

ascension to the top of plants involves more than evaporation generated tensile forces 

[11]. While studying the herbaceous plants and trees, in situ measurements of capillary 
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networks, less than 1 µm, and microporous structures have shown capillary forces can lift 

water as much as 100 m [12, 13]. Additionally, viscous polymeric compounds have been 

found in the vessels of plants which have shown to lift water [14, 15]. The presence of 

these compounds can create a convectional flow between xylem elements causing 

ascension. Negatively charged polymers attached to the xylem wall are also responsible 

for water movement by generating an electrical double layer [16, 17]. By creating a 

charged inner wall, gravitational gradients can be overcome up to 100 m. While the 

literature has shown that transpiration is actually more complicated and utilizes additional 

processes (e.g. evaporation, osmosis, wicking, and others) than Cohesion Theory first 

proposed [11], Cohesion Theory is a good basis for this research. 

  

1.2 Energy Consumption Background 

Buildings are subjected to solar heat fluxes, which are generally considered low 

when compared with dissipations in other applications. However, due to their footprint, 

they can receive large amounts of energy, which is transferred as heat to its structure. For 

commercial buildings, energy intensive air conditioning systems are needed to cool the 

interior space to provide a comfortable habitat for the workers and proper environmental 

conditions for the operation of equipment. As of 2011, the United States was consuming 

97.3 Quadrillion Btu (Quads) annually from a variety of sources (i.e., fossil fuels, nuclear 

electric power, and renewable energy), Figure 1.2 [18]. Of the 18.02 Quads that went to 

the commercial sector, 14.5% of the energy went towards air conditioning, representing 

2.64 Quads [19]. At energy demands this high, even single digit percentage decreases 

equate to large savings on both the user energy cost side and infrastructure capital cost 

side as well as lessening the impact of production on the environment. 

With the commercial sector using roughly 18 Quads annually, 4 Quads comes 

from primary sources while the remaining comes from electricity [18]. From primary 

energy sources, the sector relies heavily on natural gas at 79%, with the remaining 21% 

being made up of petroleum at 17%, renewables at 3% and coal at 1%, [18]. Of 

electricity consumption, 4.5 Quads is actually used while the commercial sector’s share 
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of conversion losses amounts to another 9.5 Quads, Figure 1.3 [18]. Whether it is the 

primary energy source of the commercial industry or the primary source of the electricity, 

each has its own drawback. Fossil fuels, for example, can have a negative impact on the 

environment and people’s health with the emissions from combustion. While still highly 

toxic, spent nuclear fuel must be stored and safeguarded for hundreds of years. Even 

renewable sources have their own detrimental impacts. Hydroelectric power requires 

lakes, sometimes manmade, which can flood large tracts of land, destroying the 

ecosystem. Wind turbines have received complaints due to their visual proximity to 

affluent populations with people clinging to the “not in my back yard” (NIMBY) 

standard. Solar, too, has the drawback of being very land intensive due to its low 

efficiencies.  Additionally, with wind and solar power, they are intermittent and must rely 

on as yet to be developed storage capabilities. Furthermore, wind and solar are generally 

most productive in geographical locations where people do not live thus the power must 

be transmitted great distances. However, even with small decreases in energy usage, there 

can be deep, directly felt impacts on the negative aspects of individual energy sources. 
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Fig. 1.2: 2011 energy flow to individual sectors for the U.S. Provided by the U.S. Energy 

Information Administration, Annual Energy Review 2011 [18].  
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Fig. 1.3: 2011 electricity flow to individual sectors for the U.S. Provided by the U.S. 

Energy Information Administration, Annual Energy Review 2011 [18]. 

 

1.3 Capillary Transport  

The system developed in this dissertation is based on fluid transport to and 

evaporation from a membrane. In order to use membranes in such a capacity, one must 

keep in mind that membranes are an effective means of species separation in areas of 

water treatment [20, 21]. By their nature of contaminant removal from a flow, 

membranes are subject to fouling, or the deposition of solutes or particles thus degrading 

the performance of the membrane. Fouling can be thought of in two ways, external and 

internal. External fouling occurs when particulates which are too large to pass through the 

membrane, gathering on the top surface, whereas internal fouling contends with the 

buildup of foreign particles within the porous structure of the membrane [22]. 
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 Consequently, the life of a membrane can be shortened by fouling as it is based on the 

sustained ability to transmit fluid across the membrane with an accepted pressure drop. 

As flow rate is a function of permeability according to Darcy's law [23], Eq. 1.1, as 

fouling occurs on/in the membrane, permeability decreases cause a decrease in the flow 

rate, 

       
   

 
         (1.1) 

where q is the flow flux, Kp is the permeability, μ is the viscosity, and  P is the pressure 

gradient.  

 Liquids in porous media, however, do not need a pressure gradient to drive the 

flow but rather can rely on wicking by capillary transport as shown by Washburn [24] in 

his fundamental investigation of small cylindrical capillaries. Additionally, because 

capillary flow is assumed to have a low Reynolds number, creep flow with the velocity 

profile being steady state, fully developed yields a transient process [25].  Because of this 

passive operation, it provides an alternative to using pumps to move fluid in increasingly 

smaller micro channels that have larger surface forces that must be overcome. This 

potential for fluid movement which normally would require great pumping efforts has 

attracted research from all scales, i.e., micro [26, 27], meso [28, 29] and molecular [30].  

The applications for capillary transport are numerous. For thermal management of 

electronic devices, heat pipes rely on the capillary movement of fluid to transport heat for 

dissipation [31]. Ion transport has been studied in building physics [32]. During the 

drying process of porous materials such as concrete, ion crystallization can cause cracks 

and major structural issues. Capillary transport in surface functionalized paper can 

provide a low-cost and accurate means of rapid diagnosis in medical and forensics 

applications [33].  

 

1.4 Biomimicing Transpiration 

The passive operation of transpiration lends itself to the potential for many 

applications in fields that currently rely on micropumps for circulation, metering, and 

point to point transfer, e.g. biology [34], chemistry [35], microelectronics [36-38]. 
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Wheeler and Stroock [9] recognized that a synthetic replica of a transpiration system had 

not yet been developed, as the techniques used in nature could not be matched. While the 

idea of biomimicing transpiration was to replicate a root network connected to a leaf 

membrane via a liquid-filled capillary, they cited the issue of not being able to identify 

materials with equal performance characteristics. To address this, they investigated using 

chemically cross-linked organic hydrogels as a membrane. Using this method, tension 

pressures in the liquid water were predicted in excess of -22 MPa. This confirmed that the 

hydrogel membrane could be used for driving fluid. They used soft lithography to 

construct the rest of their synthetic tree network in poly(hydroxyethyl methacrylate) 

(pHEMA) and bonded the hydrogel to the top of the channel network, Figure 1.4. Steady 

flow rates were achieved between the leaf structure exposed to an air stream and a root 

system exposed to liquid water. Having addressed the issue of creating a micro channel 

system utilizing evaporation driven flow, Wheeler and Stroock [9] tested their synthetic 

leaf when it was at elevated temperatures. As expected, the evaporation rates increased 

with increasing leaf temperatures. Accompanying the increase in flow rate was an 

increase in the calculated pressure drop between the root and leaf networks. The pressure 

drop in the system was calculated using the Navier-Stokes equations for laminar flow 

through a pipe where pressure drop was a function of flow rate. Direct measurements of 

pressure drop and suction pressure in a biomimiced transpiration system could not be 

found. 



9 

 

 

Fig. 1.4: Wheeler and Stroock’s synthetic tree network [9]. 

 

Others too, with their own motives in mind, have used microfabrication to 

construct their own evaporation driven flow systems [10, 39-42]. Goedecke, et al. [10] 

used evaporation to drive flow with their biomimetic setup motivated by chromatography 

applications. Their microfabrication technique for making the micro channels was glass 

etching. As an air stream passed over an evaporation zone and subsequently, the fluid in 

that zone evaporated, more fluid was drawn through a micro channel from a liquid 

reservoir. Rather than using a porous membrane like others, they left the ends of their 

channels exposed to atmosphere. Additionally, they relied on capillary forces to help 

promote a continuous flow for which they observed velocities as high as 0.225 cm/s. 

Borno, et al. [39] used their own leaf structure to harvest energy from evaporation driven 

flows. In their setup, a micro channel stem connected a water reservoir and an etched 

microfluidic network. Embedded in the stem, Ti/Pt plates acted as parallel plate 

capacitors. As evaporation occurred from the micro channel network, fluid containing 

dielectric slugs was drawn through the stem generating a charge. Of importance, they 
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were able to attain flow velocities up to 1.5 cm/s. With an aim of controllable flow in 

mind, Nmasivayam, et al. [40] developed micro channels with hydrophobic patterns in 

order to pin the fluid meniscus and control evaporation rates. They wanted to precisely 

control flow at rates as low as 5 nL/min for possible usage in DNA and cell adhesion 

studies. To build the micro channels and hydrophobic patches, they used a hybrid system 

of both silicon and glass substrates with micro channels etched in using silanization. Also 

with DNA and cell adhesion studies in mind, Li, et al. [43] developed a transpiration 

based micropumping system that allowed for controllable, adjustable flow rates. Their 

fabrication technique was simpler than previously discussed works. They used a 

poly(vinyl chloride) (PVC) film bonded to a sheet of Poly(methyl methacrylate) 

(PMMA) with a commercially bought porous membrane underneath. They controlled 

evaporation rates by poking “stomata” holes into the PVC film with a 20 μm needle. 

Using flow visualization, they calculated controlled flow between 0.13 – 3.74 μL/min. 

Moreover, the effect of humidity on flow rate was investigated and found to be minimal 

below 70%. Guan, et al. [41, 42] used a porous filter paper as their evaporative 

membrane for their micropumping system, Figure 1.5. The filter paper was sandwiched 

between two PMMA plates, which had precut holes for evaporation. The pumping drew 

water through a micro channel that was etched into separate piece of glass. With 6.6 cm
2
 

of evaporation area, at a humidity of 30-32% and temperature of 20 - 21°C, they were 

able to sustain flow rates of 3μL/min. Furthermore, the system was able to pump with a 

height differential of 240 cm, analogous to 23.5 kPa. They investigated the effects of 

ambient relative humidity on their setup and found that in the mid range, flow rates saw a 

1 to 3% decrease for each percent increase in humidity. Additionally, between 25 and 30 

°C, each degree increase brought a 3% increase in flow rate. While all experienced some 

degree of success, the microfabrication techniques used to construct such devices are 

time consuming and expensive.  
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Fig 1.5: Guan et al.’s evaporative membrane micropumping system [41]. 

 

1.5 Roof Thermal Shielding 

 Traditionally, roofs have been made from materials (asphalt, clay, tar, etc.) with 

moderate to high absorption coefficients. While inexpensive and easy to install, much of 

the incoming solar radiation is absorbed and transferred into the structure, which must 

then be cooled. To mitigate the effects of direct exposure to incoming radiation, the 

option exists to alter the roof albedo by painting it white [44] or increasing its reflectivity 

[45]. Others have studied the feasibility of using evaporation systems on roofs [46-51]. In 

an effort to block incoming energy, some have used the phase change of a liquid to a gas 

to absorb incoming radiation. Several numerical studies have been performed analyzing 

the performance of evaporation systems on roofs. Cheikh and Bouchair [46] modeled a 

water filled rock bed with a white painted aluminum covering that functioned like a heat 

pipe and compared it to a bare roof in hot arid climates. Their dynamic model showed a 

relatively constant interior temperature when using the roof cooling system. Additionally, 
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their study showed up to an 8 °C temperature difference with and without their system on 

a hot July day in Algeria. When the roof cooling system was combined with nighttime 

ventilation, the interior temperature decreased further allowing for even lower daytime 

temperatures. Chen and Liu [47] thermally modeled a water gravity fed wall of a building 

and estimated a temperature difference between the interior and external environments of 

up to 8°C for an external ambient temperature of 40°C. It was also shown that when the 

porous plate thickness was decreased, the lower thermal capacity caused a smaller 

temperature difference between the interior and the ambient. Al-Turki and Zaki [48] 

investigated spraying a flat roof surface intermittently to determine the effect on cooling 

load. Their model suggested that a time-dependent-step spray was more effective than 

uniformly spraying. They estimated that in Jeddah, Saudi Arabia, this method could 

reduce cooling loads up to 40%.  

Wanphen and Nagano [50] looked at several porous and non-porous (i.e., silica 

sand, pebbles, volcanic ash and siliceous shale) roofing options weighing their cooling 

capabilities on their moisture absorptance and evaporation potential. It was shown that 

siliceous shale, because of its large pore size, was best at absorbing water vapor of the 

materials tested. This is important for dehumidifying the surround environment at night 

thus creating water reserves for use during the day. When it came to liquid absorption, 

however, volcanic ash performed the best because of its high capillarity. While testing 

evaporation capabilities, volcanic ash also performed the highest due to its high capillary 

forces. It was shown that the release of latent heat increased with finer particles. On the 

other hand, larger particles allowed for ventilation which enhanced evaporation and 

exhibited lower surface temperatures. Sethi and Sharma [52] provided a review of roof 

cooling systems where water was dispersed in a thin layer over a roof [53-55]. Sodha, et 

al. [53] found that heat flux was significantly reduced when employing such techniques. 

Giacomelli and Roberts [54] reported that with the use of a wet, white polyester blanket 

on a greenhouse roof, interior temperatures were reduced 5 – 6 °C than without the 

wetted blanket. Mannan and Cheema [55] found similar success when watering an 

inclined roof from a pipe that ran the top length of the roof. While the results were 
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generally positive, requirements such as the need for inclined roofs, something not 

common in the commercial sector, the fact that water needs to be brought to the roof, 

which could involve the use of a pump, and the potential for under and overwatering, still 

need to be addressed. 

1.6 Proposed Work 

Transpiration inspired systems, specifically those built off of the principle of 

evaporation, have shown that it is capable of moving fluid passively. The available 

literature has presented a good basis for bio-inspired transpiration pumping on a small 

scale, but it often involves microfabrication. Additionally, many areas of such systems 

have yet to be explored, such as evaporative surface dimensions, evaporative surface 

characteristics, channel feeding dimensions and pumping height. Furthermore, phase 

change is known to be a simple method to remove large amounts of energy. With 

building cooling being a large contributor to energy usage, integration of evaporation to a 

roof has the potential to alleviate some of the cooling load. However, water dispersion 

methods leave something to be desired. Pumps must first bring the water to the roof while 

a control system would be necessary to properly disperse the water as to not under or 

overwater. When both passive pumping and evaporative cooling are combined together 

though, the potential exists for a robust, energy dissipating system. 

Therefore it is the goal of this research to develop a passive pumping, evaporation 

based system for thermal management. This system, consisting of an evaporative surface 

(membrane), feeding channel and reservoir, is developed for implementation on a roof 

structure for the purpose of air conditioning load reduction. In the development of such a 

bio-inspired system, several studies were performed to understand each component of the 

system and their effects and limitations on operation. First, in Chapter 2, the delivery 

path’s geometric parameters (i.e., tube diameter and length) were constrained to 

determine its effect on evaporation rate. In doing so, the suction pressure was also 

measured and equated to pumping height. In Chapter 3, the system’s performance was 

investigated when in direct contact with a constant heat flux. Chapter 4 explored the 
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degradation and fouling of a membrane when subjected to pumping salt water. To 

conclude the experiment portion, in Chapter 5, the system’s performance was tested in a 

real world application by shielding a model section of roof from solar thermal loading. In 

Chapter 6, a justification was provided for the allocation of resources consumed by the 

evaporation system. In the final chapter, Chapter 7, the conclusions of this investigation 

are present along with recommendations for future work. 
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Chapter 2. Characterization of Geometric Parameters 

 Previously, experimental work has been done to mimic the transpiration in plants 

[9, 10, 39-42]. In their various experimental setups, those groups were successful at 

moving fluid through a microfluidics network using evaporation from channels or 

membranes. Those setups, however, involved microfabrication, which can be costly and 

time consuming. Moreover, driven by their application purposes, their prototypes were 

small and did not lend themselves to being scaled up. Additionally, direct measurement 

of suction pressure in a biomimiced system could not be found in the literature.  

In this study, a low-tech evaporative pumping system that does not require 

microfabrication was designed, constructed and tested. Commercially available micro 

tubing would replace the specially assembled micro channels of others’ works. It was 

instrumented to measure evaporation rate and suction pressure while varying component 

configurations, i.e., membrane area and tube length and diameter. Of interest was the 

influence each component’s geometric size had on the measured parameters.  

 

2.1 Experimental Setup 

The evaporative pumping system consisted of a porous membrane connected to a 

distilled water reservoir via a micro channel and tubing, Figure 2.1. The reservoir sat on a 

balance (Denver Instruments PI - 214, range 0 to 210 g, resolution 0.1 mg), which 

recorded mass loss to a spreadsheet file using Denver Instruments' proprietary software. 

To prevent unwanted evaporative losses from the reservoir to the atmosphere, its top was 

covered with a lid while a tiny pinhole maintained the reservoir pressure equal to the 

room pressure. Due to the slow rate of mass decrease in the reservoir, combined with the 

reservoir not being airtight, it was safe to assume that the interior of the reservoir was at 

room atmospheric pressure. Because all mass loss from the water reservoir was due to 

evaporation from the porous membrane, the balance was effectively recording the 

evaporation rate from the membrane. Due to the balance’s sensitivity to air currents, it 

was placed in a specially designed acrylic isolation box so the balance sliding door could 

remain open during testing. The mass loss from the covered reservoir by itself was 
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confirmed to be negligible when the balance was left to record mass while no membrane 

evaporation was occurring. The mass rate decrease was found to be less than 1% of the 

lowest evaporation rate that would be tested as a result of the experimental setup 

configurations. 

 

 

Fig. 2.1 Experimental evaporative pumping system setup. 

 

 To serve as micro channels to irrigate the membrane, high-pressure 

polyetheretherketone (PEEK) tubing were selected. The PEEK tubing fit snuggly into a 

small perpendicular hole in the center of an acrylic plate that served as a substrate to 

support the membrane. The outlet of the PEEK tubing was flush with the top surface of 

the acrylic substrate while sealant was applied to the underside of the acrylic where the 

tube entered to prevent leakage. Three values of channel diameter, length, and membrane 

area could be interchanged: (i) diameters of 127.0, 177.8, and 254.0 μm, (ii) lengths of 

2.54, 7.62, and 15.24 cm, and (iii) areas of 20.3, 81.1 and 176.7 cm
2
 (before wetting).  

Additional tubing, 1/8
th

 inch ID Tygon tubing, was used to connect the micro channel to 

the reservoir. All tubing was purged of air bubbles to ensure single phase flow. The 
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system also featured Swagelok valves for turning the system on and off – the operation 

procedure will be discussed later. A parallel study showed that any pressure drop in the 

Tygon tubing and connectors was negligible compared to the pressure drop in the micro 

channel and did not affect the system. Additionally, any capillary rise of the fluid in the 

Tygon tubing was negligible. 

 Two additional lines were split from the main supply line. One line connected to a 

± 34.5 kPa differential pressure sensor (Omega PX26-005DV, calibrated uncertainty was 

0.017 kPa at 95% confidence) with one side open to atmosphere. A complete analysis 

regarding the pressure transducer’s calibration and uncertainty can be found in Appendix 

B. Pressure was calculated using the density of water at atmospheric pressure and a 

temperature of 23.5C. The other line connected to another reservoir placed high above 

the channel. The purpose of this second reservoir was for initially wetting the membrane 

to start the system. It too featured an on/off valve. 

 

2.2 Membrane Characterization  

 The evaporative surface was a thin porous membrane (Fisherbrand Glass Fiber 

Filter Circles G6). The microstructure was examined using a Jeol JSM-5610 scanning 

electron microscope (SEM). The structure was of a random nature with much 

interlocking between fibers, Figure 2.2. The fibers were relatively smooth, constant 

diameter rods ranging in diameter up to ~3 μm, however, the fiber length could not be 

identified. Spacing between fibers was estimated to be up to 7 μm. The size of the fibers 

and spacing between fibers plays a major role in the capillary spreading of a fluid in the 

membrane.   
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Fig. 2.2 SEM images showing the structure of the porous membrane evaporative surface. 

 

2.3 Experimental Procedure 

 To begin the experiment, the desired channel diameter and length and membrane 

area were selected. A dry membrane was placed on the acrylic substrate and centered on 

the outlet of the PEEK channel. The height of the reservoir's free surface was brought to 

just below the height of the membrane. Valve 1 (see Figure 2.1) was closed and valve 2 

was opened to begin the “forced” wetting process of the membrane. The aid of gravity 

was used in the initial wetting of the membrane because this study investigated the steady 

state flow rather than the initial wetting phenomena. Once the entire membrane was 

visually confirmed to be wet, valve 2 was closed and valve 1 was immediately opened to 

begin the evaporative pumping process. The balance recorded measurements of the mass 

loss from the reservoir every minute to a spreadsheet file. In the event that the membrane 

was initially overwatered, the system would self-regulate, i.e. wait until excess water had 

evaporated from the membrane before drawing replenishment from the reservoir. 

Conversely, if the membrane was initially under watered, an initial period of high 

evaporation rates were measured until the membrane reached its steady state wetness. 

Temperature and humidity of the room were recorded using a Fisher Scientific 

Fisherbrand traceable Hygrometer/Thermometer. While these two factors were not 

controlled during the tests, over the course of all experiments, the temperature of the 

room remained at 23.5 ± 0.5C while the humidity was 45% ± 10%. During any 

particular trial, however, because of the short duration of a test, the temperature and 

humidity remained relatively constant. It is important to note that humidity is indeed a 
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relevant factor when determining evaporation rates; however, this preliminary study only 

focused on the parametric effect of the three variables previously discussed.  

 Steady state operation of the system was determined by a constant evaporation 

rate for at least 30 minutes. Upon reaching steady state, the reservoir was disconnected by 

closing valve 1. This left the evaporative surface only in contact with the pressure 

transducer. Over the course of up to two hours following the closing of valve 1, 

increasingly negative pressures were recorded as the evaporative surface dried out. The 

experiment was considered finished when the suction pressure returned to roughly a zero 

pressure differential, which corresponded to the column of water breaking from the 

membrane.  

A minimum of three experiments were performed under the same conditions. A 

new membrane was used for each test. It was found that rewetted membranes 

(membranes that were tested, dried out and then wetted again) produced evaporate rates 

that were lower than new membranes. While membrane degradation was not the focus of 

this part of the investigation, this factor was eliminated for the investigation. It would 

later be determined that the membrane was indeed deteriorating over extended periods of 

operation, but that will be discussed in a later study. 

 

2.4 Experimental Results 

 Representative results are shown in Figure 2.3 for steady state conditions of 

channels 254.0 μm in diameter and 2.54 cm in length with evaporative surface membrane 

diameters of 5.08, 10.16, and 15.00 cm. Between trials, the results were repeatable with 

an evaporation rate of approximately 3.7, 12.3, and 22.3 mg/min, respectively.  
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Fig. 2.3 Typical data collection of mass evaporation rate showing repeatability between 

trials. Parameters: 254.0 μm channel diameter, 2.54 cm channel length, and surface 

diameters of 5.08, 10.16, and 15.00 cm. 

 

Additionally, the suction capability of the evaporative membrane was measured 

as a function of the tubing diameter. Typical trials are presented in Figure 2.4 for all three 

micro channels tested (i.e., diameters of 127.0, 177.8, and 254.0 μm) at a length of 2.54 

cm and a membrane diameter of 15.00 cm. The results showed that there was no 

significant effect on the evaporation rate, however, increasing the tube diameter did 

increase the maximum attainable suction pressure. Also, it can be observed, for all cases, 

that the suction pressure immediately began increasing when the membrane was 

disconnected from the water reservoir, and that the suction rate increased as the tubing 

diameter decreased. Furthermore, Figure 2.4 shows that all tests experienced a period of 

constant suction rate increase followed by a sharp increase in pressure.  As membrane dry 
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out occurred, evaporation caused a volume reduction of water in the rigid space that was 

the membrane/water column assembly. This volume reduction generated a tensile stress 

which was registered by the pressure transducer. The suction pressure increased until it 

reached the capillary pressure at which time, the seal between the membrane and tubing 

broke, causing air to rush in, returning the water in the tubing to atmospheric pressure. 

The capillary pressure can be found using the Laplace-Young equation,            , 

where γ is the surface tension, θ is the contact angle of water and r is the radius of the 

pore. For the pore radius of the membrane, the capillary pressure was roughly 35 kPa. 

This corresponded to the maximum pressure reached for the tubing with the lowest 

pressure drop.  One possible explanation for the effect of the tubing diameter on the 

suction rate and the maximum suction pressure had to do with the fact that, as the tubing 

diameter decreased, it had to overcome larger hydrodynamic resistive forces. This led to 

the thought that if the evaporative surface was raised above the reservoir, larger diameter 

tubing would allow for greater height differences with smaller performance impacts when 

passive pumping was employed. Finally, the pumping height was determined by dividing 

the suction pressure by gravity and the density of the fluid, H = P/g. For example, with 

a suction pressure of -30 kPa, which was close to the maximum suction pressure for the 

tubing with a diameter of 254 μm, the system should pump to roughly 3.0 meters. 
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Fig. 2.4 Typical suction pressures as the membrane dries out for varying micro channel 

diameters. Parameters: channel length of 2.54 cm and membrane diameter of 15.00 cm.  

 

The next parameter to be investigated was the tube length. Tests were performed 

using tubing of varying lengths with diameters of 254.0 μm and evaporative membrane 

diameters of 15.00 cm. Again, the tube length did not affect the evaporation rate for the 

dimensions tested. However, its effect was observable in the suction pressure that could 

be obtained, Figure 2.5.  Larger suction pressures were reached with shorter lengths, 

possibly for the same hydrodynamic reasoning as why channel diameter affected 

pressure. At increasing lengths, the height difference between the evaporative surface and 

the reservoir would detrimentally impact the system's performance. Also, it is expected 

that at some length, the system would not be able to overcome the pressure drop in the 

tubing and pumping would cease.  

 

-35 

-30 

-25 

-20 

-15 

-10 

-5 

0 

0 2000 4000 6000 8000 

P
re

ss
u

re
 (

k
P

a
) 

Time (seconds) 

127 μm 

178 μm 

254 μm 



23 

 

 

Fig. 2.5 Effect of the micro channel length on the suction pressure. Parameters: 254.0 μm 

channel diameter, 15.00 cm membrane diameter. 

 

Lastly, the evaporative surface diameter was varied. The suction pressure 

remained unaffected with varying surface diameter (areas). This suggested that the 

suction pressure was governed mostly by the micro channel parameters and micro 

channel/membrane connection. On the other hand, the evaporation rate increased with 

evaporative surface area, as shown in Figure 2.6 as square markers. As expected, the 

relationship was nonlinear with increases in surface diameter yielding diminishing 

increases in evaporation rate. This was more obvious when the average evaporation rate 

was normalized over surface area, Figure 2.6 as circular markers. Increasing surface areas 

led to lower evaporation rates per unit area. This was because not enough fluid was 

present to saturate the outer regions due to evaporative losses at preceding radii. In a 

system fed by a point source, like the one discussed in this dissertation, fluid transported 

in the radial direction would be completely evaporated at a certain radius. For this 
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system, following the trend of the normalized evaporation rate, it was estimated that the 

critical radius was roughly 20 cm, as the membrane material at a radius greater than this 

critical radius would most likely not receive fluid. It is expected that the interface 

between wetted and non-wetted areas within a membrane would move depending on 

membrane properties such as permeability and porosity. The normalized evaporation rate 

with respect to the membrane radius is an important aspect when considering application 

purposes, such as the one discussed later, because an array of point sources would be 

needed for scaling the system to larger areas. Spacing of the point sources is critical to 

maintain high evaporation rates over the whole surface area thus not limiting the system's 

cooling capabilities.   

 

 

Fig. 2.6 Effect of the membrane diameter on the absolute and normalized evaporation 

rates. Parameters: 254.0 μm channel diameter, 2.54 cm channel length. 
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Chapter 3. Evaporative Cooling of an Internally Heated Surface  

The phase change of a substance has the capacity to absorb large amounts of 

energy. For example, the human body uses sweat evaporation to help with cooling. The 

concept is currently utilized in the electronics industry through spray cooling. 

Additionally, phase change is under development for use in building design where thin 

films of water run down the roofs of buildings [53-55].  

In this study the evaporative, passive pumping system of the previous study, §2, 

was retrofitted to be applied to the surface of a heater, which provided a constant heat 

flux. A similar testing technique was used where both evaporation rate and suction 

pressure were measured for different test parameters, i.e., heat power and membrane area. 

Furthermore, the operating temperature of the heater was monitored. The tests aimed to 

determine the ability of the evaporation system to lower the body temperatures of a heat 

flux source as compared to natural convection cooling.  

 

3.1 Experimental Setup 

The evaporative cooling system, Figure 3.1, was constructed from a porous 

membrane serving as the evaporative surface, which sat on a circular copper plate. On the 

underside of the copper plate, heaters were attached for the purpose of providing a 

constant heat flux. Through the radial center of the plate, tubing connected the porous 

membrane to a water reservoir and pressure transducer. The water reservoir sat on a 

balance, which recorded mass loss over time representing the mass that was evaporated.  
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Fig. 3.1 Evaporative pumping system with heater. 

 

 The copper (alloy 110) plate measured 15.24 cm in diameter (surface area of 

182.4 cm
2
) and 1.12 cm thick. Ultra-thin polyimide film heaters were placed on the 

bottom side of the plate. The heaters were 28 volt AC and had a max power density of 

0.78 W/cm
2
. A total of 129.0 cm

2
 of the 182.4 cm

2
 was covered with the heaters which 

were connected in parallel. The power supplied to the film heaters would range from 0 to 

4.5 W. Due to the thermal properties of the copper alloy, the plate was assumed 

isothermal and experimentally confirmed which will be detailed later. A complete 

analysis regarding the isothermal assumption can be found in Appendix E. Insulation 

(alumina silica ceramic insulation) was placed underneath and around the sides of the 

plate forcing all heat flow through the top of the plate where the membrane sat. A 

complete analysis regarding the heat loss thermal assumptions can be found in Appendix 

F. To monitor the temperature in the plate, three type K thermocouples were placed at the 

plate's mid plane at radial distances of 2.54, 5.08, and 7.62 cm (highest calibrated 



27 

 

uncertainty of the thermocouples was 0.11 °C at 95% confidence) A complete analysis 

regarding the thermocouples’ calibration and uncertainty can be found in Appendix A..  

 Flush with the top of the copper plate and through its radial center, Tygon tubing 

(1/8
th

 inch ID) connected the porous membrane (Fisherbrand Glass Fiber Filter Circles 

G6) to the water reservoir. This was the same membrane type as used in the previous 

study, §2. Three different membrane surface areas were used for testing, i.e., 20.3, 81.1 

and 176.7 cm
2
 corresponding to diameters of 5.08, 10.16 and 15 cm, respectively. For 

tests using membranes smaller than the plate diameter, insulation was also placed over 

any exposed parts of the plate. A ceramic sleeve was wrapped around the tubing while it 

was in the heater to minimize heat transfer into the water. To ensure single phase flow, 

air bubbles in the system were flushed out. 

 From the main line between the balance and the porous membrane, two addition 

lines were teed off. One line connected the system to a ± 206.85 kPa differential pressure 

sensor (Omega PX26-030DV, calibrated uncertainty was 0.032 kPa at 95% confidence) 

with the sensor's other side open to atmosphere. A complete analysis regarding the 

pressure transducer’s calibration and uncertainty can be found in Appendix B. The center 

of the pressure transducer was at the same height as the evaporative surface for an initial 

0 differential pressure. The other line connected the system to an additional reservoir 

located high above the setup. The purpose of this reservoir was only for initial wetting of 

the membrane and was closed during experimentation. 

 

3.2 Experimental Procedure 

The experimental procedure was similar to that of the previous study, §2. The 

same method was used for initially wetting the membrane, recording mass loss, and 

measuring suction pressure. For this objective, a range of fluxes were chosen to supply to 

the plate heaters for parametric testing by varying the power input, 0 to 4.5 W. In 

addition to mass loss, temperatures in the plate were recorded 5 times a second over the 

course of the experiment to a separate spreadsheet file using NI Labview. 
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3.3 Experimental Results 

 The results of the parametric analysis of the passive evaporative pumping system 

for the purpose of heat removal are presented next. The evaporation rate trends resembled 

those discussed in the previous study, Figure 2.3. Between trials of different powers 

supplied to the heater, a constant evaporation rate was observed. With the supplied power 

at various loads between 0 and 4.5 W, using a 15 cm diameter membrane, the evaporation 

rate was linear, Figure 3.2. An increase in power caused the evaporation rate from the 

membrane to increase. 

 

 

Fig. 3.2: Evaporation rate verse power supplied for a surface diameter of 15 cm. 
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Like the evaporation rate, at steady state, the temperature of the heater was also 

steady. From the three thermocouples that had been placed in the mid-plane of the plate 

moving radially outward, no gradients were seen thus confirming the isothermal nature of 

the copper alloy. With increasing amounts of power supplied to the heater using a 15 cm 

diameter membrane, the temperature increased. Additionally the average evaporation rate 

increased with the heater temperature, Figure 3.3. Similar trends are expected for 

different sized membranes. Because the energy goes towards evaporating the water, the 

heater was maintained at a lower temperature than had the heater relied strictly on natural 

convection dissipating heat. With the heater powered at 0.5 W and no cooling assistance 

provided beyond natural convection, the heater temperature was measured to be 27.4°C, 

3.6°C above room temperature and 7.0°C above the evaporative assisted heater 

temperature, leading to a calculated heat transfer coefficient of 7.5 W/m
2
/K. Considering 

the case where 2.0 W were supplied to the heater and the evaporative system maintained 

the heater at 24.7°C, a heat sink of at least 2963 cm
2
 exposed to natural convection would 

have been needed to duplicate the temperature of the 182 cm
2
 evaporative surface.  
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Fig. 3.3: Evaporation rate versus temperature of plate for a membrane surface diameter of 

15 cm. 

 

 As smaller evaporative surface areas were used, insulation was placed around the 

exposed parts of the heater forcing all heat flow through the evaporative surface. With the 

power held steady at 4.5 W, as surface area decreased, evaporation rates decreased as 

well, Figure 3.4 circular markers. However, for the same power, when considering the 

normalized evaporation rate per unit area, decreasing surface areas saw higher 

normalized evaporation rates, Figure 3.4 square makers. This led to the belief that with 

increased distance from the point source, the "drier" the membrane. While fluid was 

reaching further radii, not enough fluid was reaching those sections for them to be 

considered saturated due to evaporative losses at previous radii. At some critical radius, 

the membrane would receive no fluid and would be dry. It can be seen that the trend of 
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the evaporation rate was beginning to level off with the 15 cm diameter membrane 

suggesting that the critical membrane size was approaching.  

 

 

Fig. 3.4: Evaporation rates and normalized evaporation rates verse membrane surface 

area for 4.5 W supplied to the heater. 

 

 With the decrease in evaporation rates from the smaller membranes, the steady 

state temperature of the heater increased for a constant power of 4.5 W, Figure 3.5 (left 

axis). At the same time, as the temperature of the heater increased because of the imposed 

restriction on evaporation area, the system was demonstrated to be able to dissipate 

increasingly higher heat fluxes. Recall that for membranes smaller than the copper 

surface, insulation was placed around exposed areas forcing heat flow through the 
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membrane. The system was able to maintain the heater temperature at a relatively cool 

43°C while dissipating 2250 W/m
2
.  

 

 

Fig. 3.5: (left axis) Evaporation rates as a function of the heater temperature for various 

membrane diameters for a heater power of 4.5 W. (right axis) Temperature of the heater 

with varying evaporative surface diameters. 

 

Lastly, the suction pressure was measured when the system was at steady state 
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resulting in the membrane drying out. It was found that suction pressure was not 

determined by the heater temperature, Figure 3.6. The higher temperatures did, however, 

cause the membrane to dry out quicker causing the suction pressure peak to be reached 

0 

500 

1000 

1500 

2000 

2500 

0 

10 

20 

30 

40 

50 

60 

70 

80 

0 5 10 15 20 25 30 35 40 45 

H
ea

t 
F

lu
x
 (

W
/m

2
) 

E
v
a
p

er
a
ti

o
n

 R
a
te

 (
m

g
/m

in
) 

Temperature (°C)  

5.08 cm 
10.16 cm 
15.00 cm 
Evap Rate 
Heat Flux 



33 

 

faster. Additional membrane sizes were not tested because of the findings in the previous 

study that suggested membrane size did not affect suction pressure, §2. 

 

 

Fig. 3.6: Suction pressure as 15 cm diameter membranes dried for various heater powers. 
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Chapter 4. Membrane Degradation Study 

 This study is made clearer when considering its use in conjunction with the last 

experimental study, §5. The applications of the system described in this dissertation 

would be implemented in environments that present conditions far less ideal than in 

laboratory testing. In laboratory tests for studies 1 and 2, §2 and §3, the working fluid had 

been distilled water in a relatively clean air environment. When implemented in the field, 

it is impractical to think that distilled water would be available and the membrane would 

not be exposed air particulates not present in the laboratory. For example, a realistic 

design of using the evaporative system for thermal management of a building could take 

a sustainable approach and use reclaimed rainwater or greywater for the working fluid. 

The possibility arises that particulates in the water would deposit themselves in the 

evaporative surface, thus affecting evaporation. Furthermore, in extended periods of 

operation, the solid phase integrity of the porous membrane must be maintained so that 

the water can maintain its capillary connection.  

 With particulate buildup on or in the membrane, known as fouling, the porosity 

and permeability of the membrane would decrease thus affecting flow rate as described 

by Darcy's Law [23]. It is the purpose of this study to identify how evaporation rate 

decreases as the evaporative membrane degrades. Additionally, a proper solid phase 

structure will be identified for sustained operations. In this study, the evaporative, passive 

pumping system of the first study, §2, was retrofitted to accommodate both a distilled 

water and saltwater reservoir. A similar testing technique was used where evaporation 

rate was measured for a constant membrane area and salt to water concentration. 

 

4.1 Experimental Setup 

To test the long term structural integrity and fouling of the membrane, the same 

setup could be used. In both situations, the membrane sat on an acrylic substrate. Flush 

with the top of the acrylic surface, corresponding with the underside of the membrane, 

1/8
th

 inch ID Tygon tubing connected to several reservoirs, i.e., main reservoir, secondary 

reservoir, and high water reservoir. The main reservoir sat on a balance (Denver 
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Instruments PI - 214, range 0 to 210 g, resolution 0.1 mg), which recorded mass loss to a 

spreadsheet file using Denver Instruments' proprietary software much like the setup of 

the first study, §2. Again, because of the sensitivity of this balance, it was contained in a 

specially build chamber. The secondary reservoir resided on a balance (Ohaus Scout Pro 

SPE602, range 0 to 600 g, resolution 10 mg) which required mass loss to be recorded 

manually. To prevent unwanted evaporative losses from both of these reservoirs to the 

atmosphere, the tops were covered with a lid while a tiny pinhole maintained the 

reservoirs pressure equal to the room pressure. Because all mass loss from the reservoirs 

was due to evaporation from the porous membrane, the balances were effectively 

recording the evaporation rate from the membrane. The high water reservoir was 

connected to the line running between the membrane and secondary reservoir. This 

reservoir would only be used in initial wetting of the membrane thus covering or 

recording reservoir levels was not important. Valves allowed for operational control of all 

the reservoirs to turn them on and off as desired. Additionally, air was purged from the 

system to ensure single phase flow.  

Due to the findings during this study, two different membrane types would be 

used. While the reason for this will be detailed below, the first membrane was 

Fisherbrand's Glass Fiber Filter Circles, the same used in all previous studies, and the 

second membrane type was Millipore's Durapore polyvinylidene fluoride (PVDF) 

membrane with a porosity of 0.7, diameter of 9 cm, and thickness of 135 μm. 

 

4.2 Experimental Procedure  

To study the structural integrity of the membrane over time, an evaporation test 

was performed for an extended period of time, i.e., up to 1 week. This was considerably 

longer than any previous experiment length which typically lasted no more than 2 hours. 

To begin, a 9 cm diameter membrane was placed on the acrylic substrate with its center 

over the feeding tube. With the main reservoir containing distilled water, its free surface 

was brought to just below the height of the membrane. During this part of the degradation 

study, the secondary reservoir was not used. To begin the test, the high water reservoir 
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was opened, allowing for the membrane to become saturated. Upon wetted, the high 

reservoir was turned off and the main reservoir was opened. The balance recorded 

measurements of the mass loss from the reservoir every minute to a spreadsheet file. 

To intentionally foul the membrane, saltwater was used in the main reservoir at a 

concentration of 25 grams per 100 mL of distilled water while pure distilled water was 

used in the secondary reservoir. A similar startup procedure was used as before 

concerning the membrane placement and high reservoir usage. However, upon saturation, 

the secondary reservoir was turned on rather than the main reservoir. The secondary 

reservoir was used to ensure that the membrane was at a steady state evaporation rate 

before switching over to the main reservoir which contained saltwater so that the 

experiment could proceed. Once switching from the secondary to the main reservoir, the 

membrane pumped salt water before becoming clogged. Time lapsed pictures taken with 

a camera showed the buildup of salt in the membrane as discussed in the next section. For 

the secondary reservoir, mass loss was recorded manually every 10 minutes. Due to the 

sensitivity of this balance being less than the main reservoir balance, 10 mg compared to 

0.1 mg, and the sensitivity being on the same order of magnitude as the evaporation rate, 

~10 mg/min, at least 4 hours were used to ensure steady state conditions. The mass loss 

was recorded and averaged over that time to make sure it coincided with the known 

evaporation rate.    

 

4.3 Membrane Integrity Results 

 Initially, the Fisherbrand Glass Fiber Filter Circles were to be used throughout 

this entire investigation. When considering the salt buildup in the membrane discussed in 

the next section, it was deemed important to have an extended baseline trial of 

evaporation. While conducting this extended test, interesting results were obtained that 

showed an unexpected crash in the evaporation rate at an unpredictable time in the trial as 

seen in Figure 4.1. When the extended trial was done for the PVDP membrane, the crash 

was not observed. It should be noted that the minor peaks and troughs in the evaporation 

rate were related to the temperature and humidity in the environment. Due to the 
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extended periods of trial times as compared to before, when the test was left over night, 

environmental conditions changed enough to cause larger fluctuations in the evaporation 

rate than previously observed. The larger peaks, i.e., glass fiber around hour 84 and 

PVDF around hour 108, we attributed to weather fronts entering the area and confirmed 

at the time with publicly available weather data. 

 

 

Fig. 4.1: Evaporation rate for extended time trials for PVDF and glass fiber membranes. 

 

 The cause of the random, rapid decline in the evaporation rate for the glass fiber 

membrane was perplexing until the membrane was viewed under a scanning electron 

microscope, Jeol JSM-561 SEM, following a test and after the membrane dried. 

Compared to a new glass fiber membrane, glass fiber membranes after extended periods 

of evaporation exhibited a large decrease in fiber density as seen in Figure 4.2, tiles A 
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verse B and C. It was hypothesized that the fibers were being carried with the flow, away 

from the center. Additionally, around the outer ring of the membrane, a thin white film 

appeared which turned out to be fibers that were carried there by the flow. Comparing 

locations within a post test membrane, it was seen that the closer one was to the point 

source, the lower the fiber density, Figure 4.2, tiles B and C. This was attributed to high 

local velocities near the center of the membrane as compared to further radii.  

 

 

Fig. 4.2: SEM images showing the glass fiber membrane (a) new, (b) post evaporation, 

half radius and (c) post evaporation, radial center, all at 700x.  

 

 Because of the washout effect, it was determined that a loose fiber material could 

not be used for extended operations. A rigid porous matrix would not experience this 

washout effect thus the PVDF membrane was chosen and used for the remainder of the 

investigation. The pore structure was of a random nature with a manufacturer specified 

pore size of 0.65 μm - scanning electron microscope (SEM) images showed that the pore 

size reached up to 3 μm, Figure 4.3. 
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Fig. 4.3: SEM image of the PVDF membrane at 1500x. 

4.4 Membrane Degradation Results 

In light of the washout phenomenon in the glass fiber membranes, degradation by 

fouling was only performed with the PVDF membrane. The initial spreading of saltwater 

in the membrane was captured with time-lapse photography – see Figure 4.4. Over the 

course of the first hour, the saltwater (darker shading) was seen moving radially outward 

from the point source, as shown in frames A and B. In a membrane that had just become 

saturated with saltwater, the saltwater at the membrane edge could not travel further. At 

this point, the water evaporated leaving behind the salt. As evaporation occurred, the 

remaining solution approached its solubility limit. Once that threshold was reached, 

crystallization began. Salt crystallization became visible a little over an hour into the 

experiment beginning at the outer radius, as reported in frame C. As time progressed, 

different levels of salt buildup were observed in the membrane during the accumulation 

process. Referring to hour 6, frame D, the white, outermost ring was a region of pure salt 

crystallization with no visible water present. In this area, the membrane was rigid. The 
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next ring inward was a zone where the solubility limit had been reached but some visible 

water remained waiting to be evaporated. It was unclear if this region was still drawing 

replenishment water from the reservoir. The innermost section was saturated with 

saltwater below the solubility limit. From scanning electron microscope (SEM) images 

obtained with a Jeol JSM-561 SEM, the presence of salt was seen clogging the pores 

compared to a new membrane, Figure 4.5. 

 

 

Fig. 4.4: Time-lapse imaging of salt accumulation in a PVDF membrane. 

 

 

Fig. 4.5: SEM image comparison of a PVDF (a) new membrane and (b) a membrane post 

degradation testing. 
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 As salt continued to be left behind as the water evaporated, the effective 

evaporation area decreased, thus decreasing the evaporation rate, Figure 4.6. This 

coincided with the inward moving salt ring from the time-lapse photography, Figure 4.4. 

Initially, the steady state evaporation rate from the membrane at room conditions was 

approximately 10 mg/min. A decreasing trend was observed until the membrane was 

clogged, at which time, the evaporation was steady near zero. Although the evaporation 

rate leveled off at about 0.8 mg/min, the membrane was considered clogged. Also, a 

spike in the evaporation rate can be observed in Figure 4.6 over the course of the first 

hour. This abnormality could potentially be attributed to the changing of reservoirs from 

the distilled water to the saltwater.  

 

 

Fig. 4.6: Decrease in evaporation rate over time as salt built up in a PVDF membrane. 
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 As expected, the evaporation rate in conjunction with the concentration of foreign 

particles would determine the buildup rate of material in the membrane, consequently 

affecting the pumping ability of the membrane. Additionally, these trials used salt, which 

was dissociated in the distilled water. Particles smaller than the pore size would pass 

easily through the membrane and collect around the outer radius much like the salt. If the 

solid particles were larger than the size of the pores, clogging would start at the locations 

of the blocked pores rather than around the outer ring. Nevertheless, as demonstrated, the 

integrity of the membrane is vital to maintaining the highest possible evaporation rates. 

Therefore, in a situation where rainwater or greywater was repurposed, it might be 

appropriate to first filter the water.  
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Chapter 5. Evaporative Cooling of an Externally Heated Surface  

Previous works have used thin films of fluid on roofs to create a barrier between 

incoming radiation from the sun and the roof surface [53-55]. The incident energy goes 

first towards evaporating the fluid before it can heat the structure. While this concept has 

high promise to lessen air conditioning loads, a sloped roof is required so that the water 

may run down but if not evaporated by the roof edge, the water is wasted. When it comes 

to large warehouses and commercial buildings, generally, the roofs are not sloped, but 

rather flat, making this thin film method non-implementable. Additionally, current 

technology requires the use of pumps to move the water to the surface of the roof. In 

comparison, the proposed system would be able to passively bring the water to the roof 

without a pump while not wasting any. 

This study addressed the capability of a roof based, passive, evaporative pumping 

system to alleviate thermal loadings imposed on the structure by solar radiation. The tests 

aimed to determine the ability of such a system to lessen roof temperatures and heat 

fluxes into the building compared to traditional (e.g., dark ethylene propylene diene 

monomer (EPDM)) and nontraditional roofs (e.g., white). To do so, an instrumented 

experimental setup was constructed wherein a porous membrane rested on top of an air 

cooled copper plate while heated by a halogen lamp from above. The evaporation rates 

from the membrane, plate temperature, as well as the required amount of cooling, when 

applicable, were measured. 

 

5.1 Experimental Setup 

The evaporation pumping system, Figure 5.1, was constructed of a porous 

membrane connected to a water reservoir via Tygon tubing (1/8
th

 inch ID). The water 

reservoir rested on a balance (Denver Instruments PI - 214, range 0 to 210 g, resolution 

0.1 mg), which recorded mass loss automatically to a computer file. The reservoir was 

covered to prevent unwanted evaporation losses leaving only a pinhole in the lid to 

maintain atmospheric pressure. Because all mass loss from the reservoir was due to 

evaporation from the membrane, the balance was considered to be recording evaporation. 
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Distilled water was used and, initially, the free surface of the water in the main reservoir 

was no higher than the membrane.   

 

 

Fig. 5.1: The evaporation system setup showing the major components. 

 

 The membrane sat on a 9.1 cm diameter, 1.27 cm thick copper disk plate – a cut 

view of the test section, which includes all its main components, is shown in Figure 5.2. 

Bolted to the bottom of the copper disk was an acrylic disk with a milled evacuated 

space. The evacuated space measured 0.635 cm deep and was in direct contact with 64% 

of the bottom surface area of the copper disk. This allowed for air to flow underneath the 

copper to provide cooling. The air cooling was provided through a regular compressed air 

line, which ran through a desiccant, rotameter (Omega FL-1448-S), and chilling bath for 

temperature control, before reaching the test section. The flow meter allowed up to 43000 

cm
3
/min with a resolution of 287 cm

3
/min. Through the radial center of the copper and 

acrylic disks, and flush with the top surface, a water line ran to the reservoir. Because this 

experiment was not concerned with the initial wetting phenomenon, initial wetting was 

provided by a second reservoir placed high above the membrane. This reservoir was tied 

into the main water line.  
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Fig. 5.2: A cross section of the test section showing the membrane sitting on top of the 

copper plate and acrylic disk with evacuated space. The water flow to and evaporation 

from the membrane can be seen along with the air path. 

 

 The evaporative surface, which was placed on top of the copper disk, was a 

polyvinylidene fluoride (PVDF) Millipore Durapore membrane filter with a porosity of 

0.7, diameter of 9 cm, and thickness of 135 μm. The pore structure was of a random 

nature with a manufacturer specified pore size of 0.65 μm - scanning electron microscope 

(SEM) images showed that the pore size reached up to 3 μm.  

 To simulate solar heating, a halogen lamp (Bayco SL-1082) was placed 0.43 m 

above the membrane. The lamp had three settings allowing for 250, 500, and 750 W. 

Because the actual heat flux reaching the test section was initially unknown, an Eppley 

precision spectral pyranometer was used to create a 2D map characterizing the flux 

intensity that would be imposed on the membrane at the selected vertical distance (i.e., 

0.43 m). Based on the lamp's power and the 2D map, made every square inch, the exact 

locations within a horizontal plane below the lamp were determined that would provide 
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uniform fluxes on the test section – the heat fluxes imposed onto the test section were 

130, 315, 434 ± 5% W/m
2
. A complete analysis regarding the lamp intensity’s calibration 

can be found in Appendix D. The disk's side and bottom were well insulated to ensure all 

heat flow that entered the copper disk went to the airstream.  

 As shown later, the present study also compared the thermal shielding 

performance of the evaporative (i.e., wet) membrane with the dry membrane, which was 

used to simulate a white roof. Therefore, since the surface properties of the wet vs. dry 

membrane were different, it was necessary to evaluate properties such as reflectivity and 

absorptivity for both surfaces. The reflectivity of the membrane on copper, wet and dry, 

was measured with a spectrophotometer (Optronics Laboratories, OL-750) and are shown 

in Figure 5.3. To the visible eye, when the membrane was dry, it was white opaque 

whereas when wet, the membrane was transparent. For the wet membrane, the water 

absorption bands can clearly be seen as a trough between 1400 and 1500 nm as well as 

between 1900 and 2000nm. The location of these troughs coincide where the water 

absorption bands exists for solar radiation. When exposed to a halogen lamp with a 

spectrum between wavelengths of 350 and 2500 nm, the reflectance of the wet and dry 

membranes was found to be 0.7 and 0.92, respectively. This measurement was used to 

calculate the absorptivity of the wet and dry membranes to be 0.3 and 0.08, respectively. 

Furthermore, it should be noted that the solar irradiance spectrum of the sun is mimicked 

by a halogen light making a halogen lamp an appropriate choice of lightening for this 

experiment. A complete analysis regarding the calculation of reflectivity and absorptivity 

can be found in Appendix D. 
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Fig. 5.3: Spectral reflectance for both a wet and dry membrane when backed by copper. 

 

 Using thermocouples, which had a calibrated uncertainty of 0.12 °C at 95% 

confidence, the temperature of the copper disk was measured at its midplane thickness at 

a radius of 2.5 cm in three locations, above the air inlet, halfway along the air flow path, 

and at the air outlet. A thermocouple was also placed right above the membrane's surface 

to measure the air temperature. Additionally, thermocouples measured the air temperature 

at the inlet and outlet of the acrylic disk. From the measurement of the air temperatures, 

the cooling load provided to the copper by the air could be assessed using an energy 

balance, q = m    cp  (Tout–Tin), where q was the cooling load that would be needed to 

maintain the particular copper disk temperature, m   was the mass flow rate of the air, cp 

was the specific heat of air, and T was the inlet and out temperatures of the air. 

 

5.2 Experimental Results 

The first series of tests performed aimed to study the effect of the lamp power 

output on the evaporation rate of the membrane, which was not subjected to air-cooling 

underneath. In this case, the bottom surface of the copper disk was insulated. This 

experiment was meant to mimic a real situation of the sun shining on a roof. Also, it 

created a baseline for evaporation rate and plate temperature when exposed to various 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1 

0 500 1000 1500 2000 2500 

S
p

ec
tr

a
l 

R
ef

le
ct

iv
it

y
, 
ρ
λ
 

wavelength, λ (nm) 

wet 
dry 



48 

 

lamp intensities for comparison to future experimental boundary conditions. The 

evaporation data displaying the steady state behavior over time can be seen in Figure 5.4 

while the results indicated that increasing the power supplied by the lamp onto the test 

section increased the evaporation rate. With this relationship being somewhat expected, 

perhaps more interesting was the fact that, in conjunction with the increase in evaporation 

rate, the increase in lamp intensity also caused an increase in the temperature of the 

copper plate, as shown in Figure 5.5.  

 

 

Fig. 5.4: Evaporation rate with respect to time for different lamp power outputs showing 

steady state. 
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Fig. 5.5: Temperature of the copper plate test section under various loading conditions 

imposed by the lamp for an evaporating membrane at steady state operations. 

  

Next, the performance of the evaporation system on plate temperature was 

compared against other possible roof configurations, such as white and dark roofs, with 

no cooling provided underneath. The measured experimental results for the evaporating 

membrane, seen in Figure 5.6 as solid circular markers, showed an increase in plate 

temperature as a function of lamp intensity. To mimic a white roof, a dry membrane 

replaced the evaporating membrane for the testing of different lamp intensities – these 

measurements are represented by the solid squares on Figure 5.6. Recall that the dry 

membrane was white as compared to a wet membrane, which was transparent, except for 

the copper disk underneath, which ultimately, enforced a zero transmissivity for the wet 

membrane/copper disk assembly. The experimental results for the plate temperature for 

the dry membrane also showed an increase with lamp intensity. To capture the behavior 

of a system with a dark surface, the performance of ethylene propylene diene monomer 

(EPDM), a common roofing material, was estimated using its known properties [roof 2]. 
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In this case, its surface temperature was simulated using an energy balance for the 

various lamp intensities, as seen in Figure 5.6 as open triangular markers. Therefore, 

these were not measured values, but rather estimated points. The results indicated that the 

temperature of the copper plate was considerably lower when employing the evaporating 

membrane as compared to the tested dry membrane (i.e., white roof) and the simulated 

EPDM (i.e., dark roof) over the range of intensities considered in the tests. Moreover, as 

the lamp intensity increased, the temperature disparity between the roofs widened. At a 

maximum tested intensity of 434 W/m
2
, the simulated EPDM was 24°C above the 

evaporation system. Therefore, if the copper test section was to be considered a roof with 

the lamp being the sun, a roof employing the evaporation system would keep the roof 

temperature noticeably lower. This is important when considering the conduction of 

energy through the roofing structure that the air conditioning must then cool.  

 

 

Fig. 5.6: Plate temperature for an evaporating and dry membrane along with the 

calculated EPDM covered copper plate temperature under different lamp intensities. 
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 The results above suggested that the lamp intensity dictated the plate temperature 

and the evaporation rate when no cooling was provided underneath by flowing air. While 

this observation was interesting in itself, it did not indicate which of these two factors 

was more influential on the evaporation rate. However, if air cooling was applied to the 

bottom surface of the copper plate, and its cooling capacity was adjusted by varying the 

air flow rate and inlet temperature, the copper plate temperature became independent of 

the lamp wattage. To further explore this, a new set of tests was performed for a given 

dissipation of the halogen lamp (i.e., 315 W/m
2
) and several temperature values for the 

copper plate. The results, which are represented by the solid circles on Figure 5.7, show 

that the evaporation rate can be highly affected by the plate temperature - for a lamp 

power of 315 W/m
2
, as the plate temperature was decreased, the evaporation rate 

followed suit. This suggested a greater dependence of the evaporation rate on the 

temperature of the plate rather than the imposed lamp intensity. 
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Fig. 5.7: Effect of plate temperature on evaporation rate (right vertical axis, solid 

markers) and cooling required to maintain particular plate temperatures for evaporating 

and dry membranes (left vertical axis, open markers), all for a lamp intensity of 315 

W/m
2
. 

 

Also interesting was the required amount of cooling needed to lower the plate 

temperature and the air temperature increase as it flowed under the plate - these are also 

depicted in Figure 5.7 through the open markers for the wet and dry membranes in the 

right axis. The cooling required was calculated by applying an energy balance, q = m    cp 

 (Tout–Tin) to the air flowing underneath the test section. Undoubtedly, the most 

interesting aspect of this data was that the curves representing the wet and dry 

membranes crossed each other for a plate temperature around ~ 24°C. This indicated that, 

at higher plate temperatures (e.g., > 24°C) the evaporative membrane was able to 
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maintain a particular plate temperature with less cooling aid than the dry membrane. As 

the plate temperature was required to reach lower values (i.e., < 24°C), the dry membrane 

required comparatively less cooling load than the evaporative membrane to maintain 

lower plate temperatures. 

This behavior can be potentially explained by analyzing the direct relationship 

between the plate temperature and the evaporation rate. As the evaporation rate was 

restricted (i.e., low plate temperatures), it was unable to carry away as much energy from 

the plate thus requiring greater cooling loads. Therefore, it was shown that for these 

conditions, the dry membrane started to outperform (i.e., require less cooling load) the 

evaporating membrane once the plate temperature dropped below 24°C. Arguably, the 

intersection of the performance of the two systems would shift relative to plate 

temperature based on the imposed thermal load of the lamp. Extrapolating the thought 

further, if the evaporation rate was hindered for a reason other than artificially lowering 

the plate temperature, perhaps by fouling of the membrane, neglecting changes in the 

optical properties, the temperature of the plate possibly would increase.  

 To show an extreme case of the outperformance of the dry membrane over the 

evaporating membrane, the plate temperature was kept at 20°C for the data shown in 

Figure 5.8, and the cooling load was measured for different lamp intensities. Again, 

cooling was accomplished by flowing chilled air through the acrylic chamber underneath 

the copper plate. The gap in cooling requirements between the dry and evaporating 

membranes increased with increasing lamp intensity. At a maximum tested intensity of 

434 W/m
2
, an additional 125 W/m

2
 was required to maintain the plate temperature for the 

evaporating membrane. It should be noted that since the plate was pinned to 20°C, the 

evaporation rate was severely impacted. At this plate temperature, for all tests, the 

evaporation rate was measured to be roughly 15 mg/min, regardless of the lamp intensity, 

which is relatively low when compared with the rates reported in Figure 5.6. 
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Fig. 5.8: Cooling required to maintain a constant plate temperature of 20°C for an 

evaporating and dry membrane. 

0 

50 

100 

150 

200 

250 

300 

350 

400 

0 100 200 300 400 500 

C
o
o
li

n
g
 R

eq
u

ir
ed

 (
W

/m
2
) 

Lamp Intensity (W/m2) 

Evap Membrane 

Dry Membrane 



55 

 

Chapter 6. Resource Allocation Analyses  

 The evaporation system discussed in this dissertation used a number of resources, 

i.e., water, roof space and solar energy, which could potentially be purposed in other 

ways. It is the goal of this section to explore the justification of those named resources to 

the evaporative system. 

 

6.1 Water Consumption  

 To begin with, the water consumption was simulated under the imposed solar 

radiation of a typical, clear, summer day in Austin, TX [57], where direct radiation fluxes 

reach roughly 900 W/m
2
. From the previous experiment, §5, the measured evaporation 

rate for various lamp intensities when the test section was not air cooled (i.e., referring 

back to Figure 5.5) were linearly extrapolated to estimate the evaporation rates for all 

imposed solar radiation. For such fluxes, it was estimated that the system would 

evaporate water at a peak rate of 0.0122 kg/min/m
2
.  Integrating the resultant normalized 

evaporation rate over the course of a day, the total water consumption of the system by 

evaporation would be 7.4 kg/m
2
/day (1.96 gallons/m

2
/day), as shown in Figure 6.1.  
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Fig. 6.1: Total water consumption over the course of a typical August day in Austin, TX 

(Aug 2, 2012). 

  

 While the evaporative system uses water for cooling, to offset electricity usage, 

that water could have been used in electricity production. Torcellini, et al. [58] reported 

that the national average to produce 1 kWh of electricity requires 2 gallons of water. This 

water usage occurs for different reasons related specifically to the type of generation, but 

ultimately it is evaporated. While the actual amount of water used per kWh varies widely 

based on generation type and location, the 2 gallons/kWh average comes from the U.S. 

aggregated average of total water consumption which is 0.47 and 18.0 gallons/kWh for 

thermoelectric and hydroelectric plants, respectively. With 89% of generation coming 

from thermoelectric systems, evaporative losses occur during the condenser phase of the 

cycle. Traditionally, plants pulled cooling water from nearby bodies of water then 

dumped it back in, elevating the body temperature which caused increase evaporation 
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rates. Because of the elevated water temperatures, it became apparent that putting the 

water directly back into the source body was detrimental impacts on the ecosystem; the 

cooling tower is now favored. In the towers, though, the water is evaporated at high rates 

to dissipate heat. Hydroelectric power production, on the other hand, which makes up 9% 

of generation, directly uses water for generation but does not consume it. Its water losses 

occur in the upstream reservoirs. Generally, manmade lakes are created to supply the 

hydroelectric power stations with water but due to their large footprint, the evaporation is 

much greater than had the landscape been left undisturbed. It should be noted that water 

related to fuel mining operations were not included in the 2 gallons/kWh average.  

 With a basis of the evaporation system’s water consumption (i.e., 1.96 

gallons/m
2
/day) and the national average for electricity production (i.e., 2 gallons/kWh), 

a direct comparison can be made for water usage. For simplicity, the evaporation system's 

usage, over the course of a day, is rounded to 2 gallons of water for every square meter it 

is implemented on a roof. Those 2 gallons could alternatively be used to produce 1 kWh 

of electricity. Considering an air conditioning system with a coefficient of performance 

(COP) equal to 3, to justify the evaporation system's usage, it would have to offset 3 kWh 

worth of cooling per square meter of implementation over the course of a day. Referring 

to Figure 5.7, with no cooling provided to the evaporation system with 315 W/m
2
 

imposed by the lamp, the dry membrane, representing a white roof, required roughly 88 

W/m
2
 (2.1 kWh/m

2
/day) of cooling to maintain an equal plate temperature. While this is 

lower than the required 3 kWh for justification, the lamp intensity was about one third of 

peak solar radiation conditions. At the given lamp intensity, with an roof albedo a little 

higher where the cooling requirement would 125 W/m
2 

, the evaporation system would be 

able to compete with an air conditioning system with a COP of 3 in terms of water 

consumption. When considering the evaporation system in use verse a dark roof, which 

has a much higher absorption than a white roof, it is believed that the water usage would 

easily meet the justification criteria. It should be noted that when using a copper plate, 

minimal insulation resistance was provided by the plate. If a commercial roof with 

insulation up to code (i.e., R10 [59]) was considered the evaporation comparative 
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effectiveness would be reduced. With this in mind, implementation might best be suited 

for low insulated roofs.  

 

6.2 Solar Radiation Usage 

Another allocation of resources concerning roof space and solar radiation would 

be the installation of photovoltaic (PV) systems for electricity generation. At standard 

operating conditions, commercial c-Si PV systems have an efficiency of ~11% [60]. If a 

c-Si PV system was installed on a typical, clear Austin summer day, the electricity 

production can be approximated as seen in Figure 6.2. The electricity production peaks at 

roughly 0.095 kW/m
2
 corresponding with the highest direct radiation, occurring around 2 

pm. A direct comparison is difficult because experimental data was not measured for the 

cooling loads for the albedo associated with a PV array unlike the white roof which was 

mimicked by the dry membrane, referring to Figure 5.7. Dominguez, et al. [61] reported 

that flat PV and dark roofs had no noticeable difference in roof surface temperatures thus 

the heat transfer into the structure would be comparable for PV covered roofs and dark 

albedos. However, an attempt is made to compare the evaporation system with a 

fictionally PV system requiring the same cooling load as the dry membrane (white roof) 

when the roof temperature was at the measured natural temperature associated with 

evaporation at 315 W/m
2 

imposed, Referring to Figure 5.5. At 315 W/m
2
, the PV system 

would be generating ~35 W/m
2
. Using the dry membrane cooling load of 88 W/m

2
, an air 

conditioning system with a COP of ~2.5 would be needed to consider the performances 

of the two systems equal. With a higher efficiency air conditioner (COP > 2.5), the PV 

would be a better choice. However, because the expected absorption of a real PV system 

is anticipated to be much higher than the white roof scenario presented, the evaporation 

system is predictable to outperform the PV electricity generation even when powering air 

conditioning units with higher COP. Furthermore, it is envisioned that the evaporation 

system would be able to cover more roof surface area than PV systems.  
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Fig. 6.2: Electricity general for a c-Si PV panel at 11% efficiency.  

 

6.3 Cost Analysis 

 In this section, an analysis will be performed to compare the cost of the 

membrane verse a PV on a square meter basis. The price of the PV system will reflect its 

price per W when installed. However, the costs associated with the evaporation system 

will only reflect the price of the membrane.  

The Millipore PVDF membranes used in this study were circular with a diameter 

of 9 cm coming at a cost of $560/m
2
. For applications, such as what was described in this 

dissertation, multiple point sources most likely would be arranged in an array based off of 

minimum desired local evaporation rate. For that, it might be more appropriate to use a 

membrane sheet rather than discs. Fortunately, Millipore offers the same membrane in 

sheets measuring 0.304 by 3 m costing roughly $306/m
2
.  

The price of installed PV continues to decline year after year with the most recent 

data showing an 11-14% decrease from 2010 to 2011 [62]. Among the systems installed 
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in 2011, residential and commercial units less than 10 kW were averaging $6.13/W while 

larger commercial units up to 100 kW were $4.87/W. Using the standard test conditions 

(STC), which correspond to 1000 W/m
2
 irradiance, efficiencies of c-Si PV systems can 

reach 14% [60]. This would mean 10 kW systems would require ~71.4 m
2
 while larger, 

100 kW systems would need an area of ~714 m
2
. Based on the installed pricing, 10 kW 

and 100 kW systems would cost roughly $858/m
2
 and $681/m

2
, respectively.  

The cost of the membrane was 55-64% the cost of installed solar. While the 

membrane did not include the cost of other components or installation, there is plenty of 

capital room to work with. It should also be considered that it is not known how often this 

membrane would need to be replaced when exposed to true environmental conditions as 

this was not its intended purpose. Additionally, with the declining price trend of PV 

technology, the price gap will close soon. To compete with both the declining price of PV 

as well as with membrane integrity concerns, other porous media options should be 

explored. Recalling the various porous rocks Wanphen and Nagano [50] used, it might be 

appropriate to explore those options for their cost effectiveness and ability to withstand 

environmental exposure.  
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Chapter 7. Comments on Evaporation 

7.1 Evaporation  

Evaporation from undisturbed pools of water into still air has been investigated 

thoroughly for its applications ranging from swimming pools to spent nuclear fuel pools 

[Shah]. While many empirical correlations have been presented for evaporation, they are 

very specific for their conditions of temperatures, pressures and humidity. In Table 1, 

several empirical correlations are presented for undisturbed pool water evaporation. 

Resultant evaporation rates are reported for environmental conditioned measured during 

laboratory experiments for a room temperature of 24 °C, humidity of 50%, room pressure 

of 101 kPa and room wind speed of 0.2 m/s. The results, excluding Rohwer et al [63] are 

comparable to those obtained in the evaporation experiments. In Chapter 2, using a glass 

fiber, 5.08 cm diameter membrane, normalized evaporation rates were measured to be 

0.18 mg/min/cm
2
. This was the smallest membrane size tested but an increasing trend 

was shown for decreasing membrane size, Figure 2.6. Following the trend, the maximum 

normalized evaporation rate, corresponding with evaporation at the center of the point 

source, would be ~0.216 mg/min/cm
2
. For the study conducted in Chapter 5, using the 

PVDF membrane, with no heat flux or cooling imposed, the normalized evaporation rate 

was 0.157 mg/min/cm
2
, however, this was for a plate temperature of ~18 °C. Because the 

evaporation rate was tied to the substrate temperature, as demonstrated in Chapter 5, a 

more direction comparison is done when the evaporation rate is estimated for the 

substrate temperature of Chapter 2. With this in mind, with the substrate temperature of 

23 °C, the normalized evaporation rate was figured to be 0.236 mg/min/cm
2
. Both 

experimental normalized evaporation rates fall within the empirical correlations. 

Additionally, the normalized evaporation rates fell within the range calculated using 

Fick’s Law of Diffusion [64].  

  



62 

 

Table 7.1: Normalized evaporation rates for correlations of evaporation for still pools. 

Correlation Equation Normalized 

Evaporation 

Rate 

(mg/min/cm
2
) 

Smith et al. 

[65] 

 

0.175 

Biasin and 

Krumme [66] 
 

0.098 

Rohwer [63] 

 

413.6 

Boelter [67] 

 

0.201 

Himus and 

Hinchley [68] 
 

0.277 

Leven [69] 

 

0.21 

Box [70] 

 

0.193 

Fick’s Law 

Diffusion 

[64] 
 

0.1 – 0.39 

 

where E is the normalized evaporation rate, u is the wind speed, psat is the saturation 

pressure, ppar is the partial pressure at room temperature and humidity, hfg is the change in 

enthalpy of water from a liquid to a gas, Twater is the temperature of the pool and Tr is the 
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room temperature. For Fick’s Law of Diffusion, C is a concentration per volume, DAB is a 

diffusion coefficient, x is a pressure ratio and t is the boundary layer thickness. 

 

7.2 Atmospheric Conditions 

 Evaporation is based on the ability of the medium to receive that which is being 

evaporated. This ability is based on conditions such as pressure, temperature and 

humidity in the environment. As seen in the previous section, all of the correlations were 

based on a difference between the saturation and partial pressures. The saturation 

pressure is directly related to the temperature so an increase in temperature would 

increase the saturation pressure. The partial pressure is also related to the humidity in the 

air. If, for example, the air was already saturated with water, referring to a humidity of 

100%, the air would not be able to evaporate additional water vapor.  

 While only one of the correlations incorporated wind velocity, most of the 

correlations were meant for still conditions. From a physical perspective, when the air is 

over a water surface, evaporation is saturating the air. With a wind velocity, the space 

over the water is being refreshed with air of lower partial pressure thus allowing for 

higher evaporation rates. To better understand the influence of wind velocity, the 

boundary layer thickness of Fick’s Law of Diffusion is used. The boundary layer is a 

function of Reynolds Number which is a function of velocity thus boundary layer 

thickness is ultimately a function of velocity. With increased velocity, the boundary layer 

thickness decreases which causes an increase in the evaporation rate.  
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Chapter 8. Conclusion 

 The biomimicing of transpiration based systems for fluid transport has been 

investigated by several groups for applications ranging from energy harvesting [39] to 

DNA and cell adhesion studies [43].The methods to produce prototype devices, however, 

have usually required microfabrication techniques which can be costly and time 

consuming. Additionally, because of their designed applications, fluid transport has only 

been on a small scale. While most of the work uses the evaporation phenomenon part of 

transpiration, little attention has been paid to the energy removal capability of phase 

change. One sector that could greatly benefit from the energy dissipation of evaporation 

is the commercial building sector which has high cooling requirements [19]. Many 

groups have investigated, both numerically and experimentally, the integration of 

evaporation into roof cooling [46-51]. While most have experienced some degree of 

success with the lowering of roof surface temperatures which translates to lower heat flux 

into the structure, components such as pumps and control systems are required for 

moving the water to and dispersion it over the roof. Furthermore, slanted roofs are needed 

and the potential exists for the water to be wasted if not evaporated by the roof’s edge. 

Drawing from the lessons learned related to biomimicing transpiration and with an 

application towards aiding building cooling, it was the purpose of this research to develop 

a passively pumping, evaporation based system for roof integration to create a solar 

barrier.  

 

8.1 Summary of the Results Obtained  

8.1.1 Characterization of Geometric Parameters 

 In general, the system developed consisted of a porous membrane connected to a 

water reservoir by means of a feeding tube which did not require microfabrication. 

However, to implement such a system, the effects of the component had to be understood 

first. A multipart investigation was performed to systematically analyze the influence of 

component properties on the system’s performance. In the first study, the evaporation 

membrane (Fisherbrand Glass Fiber Filter Circles G6) was connected to a fluid reservoir 
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by means of PEEK micro tubing. While measuring evaporation rate from the membrane 

and the suction pressure, the diameter and length of the tubing was varied in efforts to 

constrict the flow. It was found that with increased hydrodynamic resistances, i.e. small 

diameters and longer lengths, the evaporation rate was unaffected for the range of 

parameters tested. Conversely, the suction pressure, which can be thought of as potential 

pumping height, was decreased by the hydro resistances. Also of interest was that surface 

areas did not affect suction pressures. Additionally, the membrane surface area’s 

influence on evaporation rates was determined. With expected resulting trends, the 

evaporation rate decreased with decreasing surface area. When the evaporation rates were 

normalized, however, smaller areas had higher rates. This led to the conclusion that a 

critical radius would exist where the fluid would be totally evaporated when drawing 

from a point source. This has implications for spacing when aligned in an array where 

local, acceptable evaporation rates must be balanced against the desired effectiveness of 

fluid transport or thermal cooling. 

 

8.1.2 Evaporative Cooling of an Internally Heated Surface 

 The second study retrofitted the evaporation system to be placed on a uniform 

heat flux source. While a membrane still drew from a fluid reservoir, the tubing’s 

hydraulic resistance was made negligible as to study the effect of heating the system. Of 

concern in this investigation were the evaporation rates and suction pressures for various 

heater powers and membrane areas. Furthermore, the temperature of the heater was 

measured with and without evaporation being applied. Results of evaporation rates with 

increasing power were as to be expected with a direct relationship. As in the previous 

study, the normalized evaporation rate increased with decreasing membrane areas. When 

the suction pressure was measured for various powers supplied to the heater, no 

discernible differences were found. This leads to the conclusion that suction pressure is a 

property of the membrane structure rather than the extensive properties. Concerning the 

temperature of the heater, with the evaporation system in operation and the heat turned 

off, the temperature was recorded lower than room temperature. Moreover, when the 
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heater was powered, the evaporation system maintained a considerably lower heater 

temperature than had natural convection solely been relied upon for cooling.  

 

8.1.3 Membrane Degradation Study 

 Because membranes were used throughout this study and when considering the 

applications where repurposed water might be used, it was deemed appropriate to 

investigate the membrane’s susceptibility to degradation and fouling. Using a setup 

similar to the first study, the system was allowed to evaporate continuously for up to a 

week. At random, unpredictable times, the evaporation rate would drop to zero and 

remain. Using both a new membrane and post test membrane that had exhibited the 

collapse of evaporation rates, they were viewed under a SEM. The structure of the 

membrane was glass fibers which created a non-rigid porous matrix. Compared to the 

new membrane, the post test membrane showed a lower fiber density. When comparing 

different locations within a post test membrane, it was seen that at locations closer to 

where the point source had been attached, the fiber density was lower. This led to the 

belief that the fibers were being carried away with the flow. This washout effect was 

exacerbated closer to the point source because of the comparatively high local velocities. 

As the fiber density decreased, the membrane and point source could not maintain its 

capillary connection. Because the structural integrity of this membrane could not be 

maintained, a search was conducted for a rigid porous structure membrane which led to 

the use of the Millipore Durapore PVDF membranes. Under extended evaporation times, 

the membrane’s integrity did not degrade. To test the membrane fouling, the membrane 

was forced to pump saltwater. Fouling occurred at the outer radii and progressed inward 

with time. As evaporation occurred from a zone where fluid had no further to travel, 

initially the outer radius of the membrane, the salt was left behind in the pore structure. 

When the solubility limit of the water was locally reached, the salt began to crystallize, 

blocking off that section. As such, the measured evaporation rate decreased. Eventually, 

the salt buildup in the membrane progressed inward to the point source, choking the flow. 
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From this, it can be determined that membrane fouling is based on the evaporation rates, 

concentration of contaminates and size of contaminates relative to the pore size.   

 

8.1.4 Evaporative Cooling of an Externally Heated Surface 

In the last experimental study, the evaporation system was subjected to loading 

from a light source to simulate solar loading. The evaporation system sat on a copper 

plate and connected to a reservoir like in the previous experiments. A halogen lamp was 

used to replicate solar radiation because of its similar spectrum. Additionally, cooling air 

could be supplied underneath the plate where the inlet and outlet temperatures were 

measured and calculated to cooling load. To determine the imposed load by the lamp at 

the test section distance, a pyranometer was used to create a 2D intensity grid. The 

reflectivity and absorptivity of the membrane, wet and dry, when backed by copper were 

measured with a spectrophotometer. The results showed that as the lamp intensity 

increased, with no cooling supplied to the copper plate, the evaporation rate increased. 

Additionally, in both the evaporating and dry membrane cases, the plate temperature 

increased with lamp intensity. However, even though the evaporating membrane was 

absorbing more energy from the lamp due to its higher absorptivity coefficient, it was 

able to preserve the plate temperature considerably lower than just the dry membrane. In 

roof applications, maintaining lower surface temperatures is important for lowering heat 

conduction into the structure. When cooling was applied underneath the copper plate, 

decreasing the plate temperature, the evaporation rate decreased. This showed that plate 

temperature had a dominate influence on evaporation compared to the imposed load. 

With that in mind, as the plate temperature was forced lower and the evaporation rate 

decreased, there was a point where the evaporating membrane required more cooling than 

the dry membrane.  

 

8.2 Comparison with Resource Equivalent Technologies   

Lastly, the resources associated with implementing the evaporation system (i.e., 

water, roof space, solar energy) were considered against other possible allocations. On a 
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typical summer day in Austin, TX, the evaporation system would use about 2 

gallons/m
2
/day. In contrast, those 2 gallons could go towards the producing 1 kWh of 

electricity which could potentially be used for air conditioning. It is believed that with 

roof albedos slighting over that of the tested white roof scenario, the water allocation 

justification would be met. When considering the installation of PV systems on the roof, 

there is great confidence that roof allocation spacing would favor the evaporation system 

rather than electricity production. Additionally, all test performed in the laboratory were 

done with minimal air currents. When outside, it is anticipated that air currents would 

cause an increase in evaporation rates and thus higher cooling capabilities.  

 

8.3 Additionally Comments on System Operations 

 As demonstrated, the membrane dried out as a result of being disconnected from 

the reservoir by the closing of a valve. Because of this, it is important to address how the 

system could be restarted. Restart could possibly be achieved by using a small amount of 

gravity fed water from above to rewet the membrane much like the initial wetting process 

described in this dissertation. Additionally, perhaps wicking material could be inserted 

into the tubing thus allowing water to wick back to the membrane when the reservoir was 

reconnected.  

 The fouling performed in this dissertation was with a high concentration of salt. 

This was done to speed along the degradation process. In reality, fouling would not occur 

as quickly. However, with repurposed water, contamination would still exist in the water 

supply. It may be necessary to filter the water before it reaches the evaporation surface to 

remove particulates and prevent clogging of the membrane. Evaporation rates and the 

ability to remove contaminates from the water supply will factor into the life of the 

membrane and how often it might need to be replaced.  

 In order to scale up the size of the evaporation system to cover an entire roof, an 

array of point sources would need to be used. The spacing of point sources would need to 

be within the critical radius of evaporation; the furthest distance in the membrane a point 

source can deliver fluid to. Moreover, to utilize the temperature regulation of 
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evaporation, one would want to space the point sources a fraction of the critical radius 

apart. When scaled up to cover a roof, it is important to remember that different locations 

on that roof would have different conditions such as local wind velocities which would 

affect the localized evaporation rates. Another option to consider when scaling the size of 

the system would be to use components that would increase the thermal mass of the 

system. With increased thermal mass, energy could be stored within the solid phase of the 

porous media during periods of intense solar radiation and disposed of at times of lower 

radiation. 

 

8.4 Future Directions to be Pursued 

Further research should focus on implementing this system in conjunction with 

PV arrays. In the shade of a tilted PV array, one could receive the benefits of electricity 

production and enhanced cooling. Additionally, to become viable, an attempt should be 

made to explore a more cost effective membrane for covering a roof. It should focus on 

balancing energy savings against the cost and lifetime of a membrane. Furthermore, if a 

more cost effective membrane could not be found, attention should be paid to extending 

the life of the membrane through the cleaning of blockages. In further development, the 

point source spacing should be investigated to balance the normalized evaporation rate to 

the cooling capabilities. While I do not claim to eliminate the need for a building air 

conditioning system because there is still heat flux entering the interior, I do believe this 

evaporation system greatly helps in reducing the size and energy requirements of an air 

conditioning system. With the positive results of this investigation, it is believed that the 

system would not be contained to just implementation on a roof but perhaps to the 

building side walls as well. 
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Appendix A - Calibration and Uncertainty of Thermocouples 

 Two types of thermocouples were used throughout this dissertation, Type K and 

Type T. Both were calibrated in the same fashion. The thermocouples leads were 

connected to a National Instruments (NI) module 9211, a 4 channel, 24-bit, ±80 mV 

thermocouple input module. The module had a built in cold junction temperature channel. 

The module plugged into a NI chassis which was read by a Ni-Labview VI and recorded 

temperature to a spreadsheet file.  

For calibration, the thermocouples were placed in a programmable chiller bath 

and the thermocouple reading was recorded by the VI. The VI recorded data for 10 

seconds at a rate of 5 Hz and the temperature was averaged out over that time. Using a 

reference thermister (Fluke 1523 Reference Thermometer, ±0.003 °C accuracy) for 

increased accuracy, the bath temperature was recorded manually. Typically, a range of 

bath temperatures from 10 to 50 °C in increments of 5 °C was used for calibration. 

The resulting data points were plotted with the thermister reading on the x-axis 

and the averaged thermocouple reading on the y-axis, Figure A.1. A linear curve fit was 

applied.  

   

Fig. A.1: Typical calibration plot for a thermocouple. 
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 The standard deviation was determined using Eqn. A1 [71], 

         
 

   
          

      (A1) 

where sn is the standard deviation, n is the sample size, xi are the measured values and    is 

the mean value of the measurement. From the standard deviation, the confidence 

deviation can be calculated using Eqn. A2, 

                  
  

  
    (A2) 

where Cd is the confidence deviation and t2,0.05,8 is the t-value being 2-tailed at a 

significance of 0.05 when confidence is 95% for a degree of freedom of 8. For the 

thermocouples, the largest calibrated uncertainty was 0.12 °C at 95% confidence.  

 



72 

 

Appendix B - Calibration and Uncertainty of Pressure Transducer 

 Two pressure transducers were used in this dissertation, ±34.5 kPa (Omega PX26-

005DV) and ±206.9 kPa (Omega PX26-030DV) differential sensors. Both were 

calibrated in the same manner. The pressure transducer leads were connected to a 

National Instruments (NI) module 9211, a 4 channel, 24-bit, ±80 mV input module. The 

module plugged into a NI chassis which was read by a Ni-Labview VI and recorded 

voltage to a spreadsheet file.  

To calibrate, one side of the pressure transducer was plugged into the bottom of a 

water column while the other was left open to atmosphere. The free surface of the water 

column could be raised to known heights above the pressure transducer up to 2 m with a 

resolution of 1 mm. For each height, the VI recorded data for 10 seconds at a rate of 5 Hz 

and the voltage output was averaged out of that time. Additionally, the height of water 

was converted to Pa using known properties of water. The pressure transducer’s voltage 

was plotted against pressure and linearly fitted, Figure B.1.  

 

 

Fig. B.1: Typical calibration plot for a pressure transducer. 

 

y = 680331x - 275.8 

R² = 1 

0 

2000 

4000 

6000 

8000 

10000 

12000 

14000 

16000 

18000 

0 0.005 0.01 0.015 0.02 0.025 0.03 

P
re

ss
u
re

 (
P

a)
 

Voltage (V) 



73 

 

The uncertainty analysis was done like exampled in the thermocouple uncertainty 

analysis, Appendix A.1.For the transducers, the largest calibrated uncertainty was 0.03 

kPa at 95% confidence. 
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Appendix C – Lamp Intensity Calibration 

  A halogen lamp (Bayco SL-1082) was used as the light source in this dissertation. 

To determine the intensity on the test section, located 0.43 meters beneath lamp, an 

Eppley precision spectral pyranometer was used to create a 2D map characterizing the 

flux. The pyranometer was calibrated by The Eppley Laboratory, Inc. on May 2, 2012; 

the minimum recommended calibration cycle was 5 years. It was calibrated under 

radiation intensities of approximately 700 W/m
2
 but the radiometer is linear to within ± 

0.5% up to 1400 W/m
2
.  

 An intensity map for the lamps three settings (i.e., 250, 500, 750 W) was created 

to determine locations that would impart a uniform intensity on the test section. Uniform 

intensity was user defined as ± 5% of the average intensity in that spatial region and done 

at least every square inch. A sample intensity map for 250 W is seen in Figure C.1. The 

region, seen in green, is large enough to fit the test section and would impart 130 W/m
2
 

on it. All locations were within 3% of the average intensity.  

 

 

Fig. C.1: 2D intensity map with the lamp on the 250 W. 
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Appendix D – Calculating the Reflectivity and Absorptivity 

 The reflectivity for a membrane, wet and dry, when backed on copper was 

measured using a spectrophotometer, §5.1, for wavelengths from 350 to 2500 nm in steps 

of 10 nm. From those measurements, Fig. 5.3, the total reflectivity can be calculated if 

the irradiation is known, Eqn. D1 [64],  

       
    
 
          

        
 
 

     (D1) 

where ρ is reflectivity, λ is wavelength, and G is irradiation. The irradiation for the 

halogen lamp was obtained for the different lamp powers (i.e., 250, 500, 750 W) [72]. 

Eqn. D1 was modified as a summation of step functions to account for the measurements 

every 10 nm, Eqn. D2, 

   
           

      
 .    (D2) 

 

 The reflectivity was calculated to be 0.7 and 0.92 for the wet and dry membrane 

on copper, respectively. To calculate absorptivity, the reflectivity must be subtracted 

from unity, Eqn. D3,  

               (D3) 

where α is the absorptivity. Note that there was no transmission through the copper and 

membrane. The absorptivity was calculated to be 0.3 and 0.08 for the wet and dry 

membrane on copper, respectively.  
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Appendix E – Thermal Assumptions Validation 

 In both Chapters 4 and 5, copper plates were used as substrates for the 

evaporation system. In Chapter 4, heaters were placed on the underside of the plate while 

in Chapter 5, a lamp imparted a heat flux from above. In both studies, thermocouples 

were placed at various locations in the copper plate. A sampling of the uniformity of their 

temperatures can be seen in Figure E.1. The constant plate temperature can be seen when 

evaporation was occurring with no air cooling underneath with the lamp imparting 315 

W/m
2
. This type of behavior was typical for experiments in both chapters.  

 

 

Fig. E.1: Constant plate temperature was observed with thermocouples places at different 

locations in the plate. From Chapter 5, evaporation was occurring with no cooling 

assistance for a lamp intensity of 315 W/m
2
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Appendix F – Heat Loss through Insulation Validation 

 In both Chapters 4 and 5, copper plates were used as substrates for the 

evaporation system. Those substrates were insulated with alumina-silica which had a 

thermal conductivity of 0.025 W/m/K [73]. To determine the heat loss through the 

insulation by conduction, the temperatures in the plate as well as 5 cm below the plate 

were measured.   

 The highest power that was to be tested for evaporation experiments was supplied 

to the heater. This amounted to ~4.8 W or 272 W/m
2
. The temperatures in the plate and 

beneath the insulation were 52 and 28 °C, respectively. These values were applied to the 

heat conduction equation, Eqn. F1 [64], 

           
                

 
    (F1) 

where qcalc is the calculated heat flux related to conduction, k is the thermal conductivity 

of the insulation, Tins is the temperature measured in the insulation, Tplate is the plate 

temperature and x is thickness of the insulation. The heat flux from conduction equated to 

11.8 W/m
2 

or ~4.3% of the total heat flux. 
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