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Droplet and spray impingement cooling are typically used in high heat flux 

thermal management. In this thesis, droplet impingement and evaporation heat transfer 

characteristics are determined from measured spatially- and temporally- varying fluid 

and surface temperatures. Unique to this study is the documentation of the effects of 

using a nanofluid and a nano-structured surface for dropwise cooling by comparison 

of heat transfer characteristics with that of water droplet impingement on a polished 

surface.  

Temperatures were determined using radiation intensities recorded using an 

Infrared (IR) camera. The impingement surface is either comprised of IR transparent 

silicon, which permits near-surface fluid temperature measurements, or an IR opaque 

gold coated surface, which permits surface temperature measurements.  

A range of surface heat fluxes, resulting in both single-phase and boiling 

conditions are studied. Three different impingement surfaces have been tested, 



 
 
 
 

including polished silicon, nano-structured porous silicon, and gold coated polished 

silicon. The nanofluid is a water-based carbon nanotube suspension.  

Five major droplet impingement and evaporation stages have been identified: 

initial impact, boiling (if the surface temperature was sufficiently high), approximately 

constant diameter evaporation, stepwise fast receding contact line evaporation, and 

simultaneously decaying diameter and contact angle final dryout period. The surface 

temperature spatial distribution shows the lowest temperature values within the 

contact area bulk region and increasing temperature values toward the contact line 

region and beyond. The basic temperature trends and evaporation behavior are similar 

for the polished and nano-structured surface while the nanofluid exhibits some 

distinction. Evaporation times are reduced up to 20% and 37% using the nano-

structured surface and nanofluid, respectively. Considering the evaporation time 

reduction as a measure of droplet cooling performance, the nano-enhanced surface and 

nanofluid may improve heat transfer in droplet impingement and spray cooling 

applications.  
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NOMENCLATURE 

Symbols 

A droplet wetting area 
Ai individual heater surface area 
Atot total heater surface area 
a absorption coefficient 
ap Planck mean absorption coefficient 
Bo Bond number 
C1 constant used in Eq. 3.3 
C2 constant used in Eq. 3.3 
Ca Capillary number 
Cij pixel-specific calibration factor 
cext extinction coefficient 
cp specific heat 
d droplet (wetting) diameter 
do droplet pre-impact diameter 
dc,min minimum active cavity diameter 
dc,max maximum active cavity diameter 
df degrees of freedom 
dp nanoparticle diameter 
e radiant energy flux 
err error value 
H droplet height 
h heat transfer coefficient 
hfg latent heat of vaporization 
I IR radiation intensity 
ii individual heater circuit electrical currents (see Fig. 3.13) 
itot,i total individual heater circuit electrical current (see Fig. 3.13) 
i,jcenter droplet center location (indices) 
∆i vertical (row) pixel distance (in pixel) 
∆j horizontal (column) pixel distance (in pixel) 
k thermal conductivity 
k* nanofluid thermal conductivity enhancement 
Ma Marangoni number 
mɺ  liquid evaporation rate 
N number of pixels 
n number of individual measurements (repetitions) within a series 
Pi individual heater power input 
Ptot total heater power input 
 



 
 
 
 

NOMENCLATURE (Continued) 

Symbols (Continued) 

,act iP  single test average, individual heater actual power input 

p pressure 
∆pixel distance between pixels (in pixel) 

pixel∆  average pixel distance (in pixel) 
''q  heat flux to the droplet 

Ri individual heater circuit resistors (see Fig. 3.13) 
RH,i individual heater electrical resistance 
RM,i individual heater circuit manifold electrical resistance 
Re Reynolds number 
r droplet radius 
rc,min minimum active cavity radius 
s thickness 
T temperature 
Tcont theoretical solid-liquid interfacial contact temperature 
Tf,o pre-impact fluid temperature 
Ts,o pre-impact surface temperature 
T∞  droplet ambient air temperature 
∆Ts surface temperature drop, Ts -Ts,o 

∆Tsub fluid subcooling temperature 
∆Tw wall excess temperature 
T  net transmittance 
t time 
tev evaporation time 
t*

ev nondimensional evaporation time, tev·vo/do 

t95 student t-statistics for 95% confidence interval 
u uncertainty 
ui,power uncertainty in the applied heating power input 
V droplet volume 
Vi individual heater circuit voltages (see Fig. 3.13) 
Vtot,i total individual heater circuit voltage (see Fig. 3.13) 
VH,i individual heater applied voltage 
vo droplet pre-impact velocity 
We Weber number 
x x-axis (independent) variable 
x̂  scaled x-axis value 
 
 



 
 
 
 

NOMENCLATURE (Continued) 

Greek symbols 

∆ difference between two values 
δ boundary layer thickness 
ε emissivity 
θ solid-liquid contact angle 
λ wavelength 
µ dynamic viscosity 
ρ density 
σ surface tension or Stefan-Boltzmann constant 
τ transmittance 
φ nanoparticle concentration 
γ bubble contact angle 
 
 
Subscripts 

I value corresponding to characteristic time I 
III value corresponding to characteristic time III 
IV value corresponding to characteristic time IV 
Au gold layer 
act actual value 
ambient ambient air 
atm atmospheric 
ave contact area averaged value 
b black body 
band bandwidth of the IR detector array 
bg background 
c cavity 
cont contact 
cam (IR) camera 
det (IR) detector array 
edge contact line region averaged value 
eq equilibrium value 
equiv equivalent value 
est estimated value from curve fitting function 
f fluid (near-surface) 
IR IR camera measurement value 
ij individual detector pixel location (index) 



 
 
 
 

NOMENCLATURE (Continued) 

Subscripts (Continued) 

k temperature level index 
l liquid 
lg liquid-gas interface 
M manifold 
max maximum 
min minimum 
NIST National Institute for Standards and Technology 
net net value 
o pre-impact 
oil oil 
RTD resistance temperature detector value 
r reflected 
receding value at receding contact angle (stage C-D transition) 
ref reference value 
req required value 
Si silicon wafer 
s solid (surface) 
sat saturation 
sense sensed radiant energy flux 
sg solid-gas interface 
sl solid-liquid interface 
std standard 
stray stray radiation 
sur surrounding 
T temperature 
TC thermocouple measurement value 
th thermal 
v vapor 
w wall 
water water 
w-oil water versus oil comparison 
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λ spectral 
 
 



 
 
 
 

ABBREVIATIONS 

Al aluminum 
Al2O3 aluminum oxide 
Au gold 
BaF2 barium-fluoride 
CHF critical heat flux 
CNTs carbon nanotubes 
CO2 carbon dioxide 
Cu copper 
CuO copper oxide 
CVD chemical vapor deposition 
cal calibration 
DAQ data acquisition system 
DRIE deep reactive ion etching 
ESEM environmental scanning electron microscope 
FPA focal plane array 
fps frames per second (framing rate) 
GA gum arabic 
GaSn gallium-tin alloy 
HIPCO high pressure carbon monoxide 
H2O pure water 
HSHR high speed high resolution 
InSb indium-antimonide 
IR infrared 
IRI infrared image (file type) 
LFP Leidenfrost point 
log logarithmic 
lsq least square 
MEMS micro electro-mechanical systems 
MWCNTs multi-walled carbon nanotubes 
mean( ) mean value 
min minimum 
NI National Instruments 
NIST National Institute of Standards and Technology 
nf-p nanofluid droplet impinging on polished silicon 
nf-g nanofluid droplet impinging on gold coated silicon 
O( ) on the order of / order of magnitude 
PEEK polyetheretherketone 
PCHIP piecewise cubic hermite interpolating polynomial 
polyn polynomial 
RMS root mean square 
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RSS root sum square 
RTD resistance temperature detector 
rec reciprocal 
SFIL step and flash imprint lithography 
SiO silicon oxide 
SiO2 silicon dioxide 
SPLINE simple polynomial line 
SSE error sum square 
std standard deviation 
TC thermocouple(s) 
Temp temperature 
THW transient hot wire method 
TiO2 titanium oxide 
TVS thermal video system 
WTC Washington Technology Center 
w-g water droplet impinging on gold coated silicon 
w-ns water droplet impinging on nano-structured silicon 
w-p water droplet impinging on polished silicon 
 
 
 
 



 
 
 
 

 
 

SPATIO – TEMPORAL TEMPERATURE VARIATIONS DURING 
DROPLET IMPINGEMENT EVAPORATION: EFFECTS OF 

NANOFLUID AND NANO-STRUCTURED SURFACE 
 

 

1 INTRODUCTION 

The rapid development of high-performance electronic devices and systems 

over the past decades has been accompanied by the need for more powerful cooling 

techniques and efficient thermal management. A considerable demand for high heat 

flux cooling applications comes from the electronics and computer industry because of 

the ever-growing capacity of microchips along with their drastically reduced 

dimensions. The challenge of engineering better cooling systems does not stem solely 

from the high heat flux requirements, but also from an energy efficiency and 

environmental point of view. High performance cooling systems including both 

efficient and high heat flux thermal management are the ultimate goal.  

 

1.1 Approaches for enhanced cooling performance 

Cooling methods with heat transfer characteristics superior to those of 

conventional techniques (e.g. forced convective air flow, liquid channel flows, fins, 

etc.) include flows in micro-channel arrays, jet impingement cooling, single or 

successive droplet evaporative cooling, spray cooling, and cooling under phase-change 

conditions. The present study is related to aspects of the latter three techniques, which 

will be addressed in more detail in the following sections.  
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1.1.1 Dropwise and spray cooling 

Dropwise and spray cooling are known to be very effective in removing large 

amounts of heat from hot surfaces since they involve liquid thin film evaporation 

(latent heat absorption) and substantial single-phase convection effects. Further, the 

two methods demonstrate favorable transient surface temperature profiles including 

wall temperature minima [5, 7, and 9]. Major attributes are high heat fluxes at 

relatively low surface temperatures, spatially uniform heat removal, and reduced 

coolant consumption compared to conventional techniques. Typical applications 

include electronics cooling, micro electro-mechanical systems (MEMS), nuclear 

thermal management, fire extinguisher systems, metallurgical applications, and human 

skin cooling during laser therapy. In order to get better insight into the exact 

hydrodynamic and heat transfer mechanisms during spray cooling, often single droplet 

impingement and evaporation is first considered. Experimental results and models are 

then expanded to sprays based on statistical arguments, treating the spray as a 

collective influence of independent droplets [25, 35, and 36].  

 

1.1.2 Cooling under phase-change conditions 

Generally, phase-change heat transfer coefficients (e.g. in nucleate pool 

boiling) are drastically improved compared to those of the single-phase regime due to 

phase-change phenomena. Very high heat fluxes can be achieved with boiling during 

spray cooling. Superior cooling performance than in pool boiling is attained this way.  

 

1.1.3 Coolant and surface enhancement 

Further enhancement in heat transfer is achieved by improving the coolant 

thermal properties and the heat transfer surface characteristics. Nanofluids and 

structured surfaces have therefore been studied and they both are promising for high 
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heat flux applications [43, 47, 73, 75, and others]. Nanofluids are liquid suspensions 

that contain small amounts of dispersed nano-sized (< 100 nm) particles and typically 

have much higher thermal conductivities than the pure base fluid [43, 47, and others]. 

Micro- and nano-structured surfaces are obtained through such means as micro-

machining, particle deposition and coating techniques, or sintering methods for porous 

layers. Using nanofluids and textured substrates in cooling systems is relatively new 

and their application in droplet and spray cooling has only recently been suggested 

[60, 77, and others].  

 

1.2 Objectives of the present study 

Based on the aforementioned potential for heat transfer enhancement of 

individual methods, the objective of the present study is to experimentally investigate 

the heat transfer characteristics of single droplet evaporative cooling (non-boiling) and 

boiling in conjunction with a nanofluid and a nano-structured surface. Based on the 

single droplet results, the ultimate goal is to make preliminary conclusions regarding 

the effects of using nanofluids and nano-structured surfaces on spray cooling heat 

transfer.  

The central topics addressed in this research project are the droplet 

impingement and evaporation hydrodynamics and heat transfer characteristics. 

Impingement and evaporation processes are analyzed for different single-phase (non-

boiling) and phase-change (boiling) conditions. Nanofluid and textured surface 

performances are compared to pure water and a smooth surface, respectively. The 

project is a joint collaboration and is divided into two works, one focusing on the 

droplet hydrodynamics [85], and the current study examining the droplet heat transfer 

behavior.  
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1.2.1 Tasks 

The following tasks need to be accomplished towards satisfying the objectives: 

 

1. Experiments with pure water droplets impinging and evaporating on a 

smooth surface for various single- and two-phase conditions. These 

serve as a reference condition.  

2. Experiments with pure water droplets impinging and evaporating on a 

nano-textured surface and identification of effects of the nano-textured 

surface on heat transfer for various single- and two-phase conditions. 

3. Experiments with nanofluid droplets impinging and evaporating on a 

smooth surface and identification of effects of the nanofluid on heat 

transfer for various single-phase conditions only. 

 

Note that the nanofluid is not exposed to phase-change for reasons explained later in 

section 2.2.2 and 3.8.  

 

1.2.2 Measurement methods 

Simultaneous measurements during the impact and evaporation process are 

realized using High Speed High Resolution (HSHR) and Infrared (IR) imaging. An 

HSHR camera captures the droplet shape dynamics, i.e. droplet (wetting) diameter, 

contact angle, and height, as well as the pre-impact droplet diameter and velocity [85]. 

Figure 1.1 indicates the different droplet dynamics variables. The spatial and temporal 

temperature variations of the fluid near the solid-liquid interface or of the surface are 

recorded during droplet evaporation using an IR camera. Near surface fluid 

temperature measurements are obtained using IR transparent impingement surfaces, 

whereas the surface temperature response is obtained using an IR opaque test sample. 

Evaporation times can be determined from both HSHR and IR imaging system.  
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a)  b) 

   

do pre-impact droplet diameter 
vo pre-impact droplet velocity 

d droplet (wetting) diameter 
H droplet height 
θ solid-liquid contact angle 

  

Figure 1.1: Droplet hydrodynamics variables: a) pre-impact; b) post-impact 
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2 LITERATURE REVIEW 

Since the present study investigates different fields, namely dropwise cooling, 

nanofluids, and enhanced surfaces, this chapter is divided correspondingly into three 

sections. General findings and information about these three topics as well as 

individual works are presented and described. The general background is used for the 

current experiment design, data evaluation and conclusions. The literature review is 

generally presented in a chronological order.  

 

2.1 Dropwise evaporative cooling 

The mechanisms and characteristics of droplet impact and evaporation have 

been subject of research by several investigators over many decades. However, 

because of the rather complicated hydrodynamic and heat transfer processes involved 

in dropwise cooling, it is still not fully understood. No generally valid or well 

established model or correlation for the prediction of such aspects as the spreading 

behavior or heat transfer rate could be found in the literature reviewed in this study. 

However, numerous studies have been conducted on droplet evaporation, which shall 

be summarized in this section.  

In order to give an overview of literature on dropwise cooling, the reviewed 

studies are first classified into different groups. Then, since experiments and models 

were accomplished and developed, respectively, for many different parameters (e.g. 

various fluids, impingement surfaces, temperature ranges, droplet sizes, etc), the 

general findings on droplet impingement and evaporation behavior are summarized in 

order to describe the effects of the various parameters. Eventually, some individual 

studies are addressed and their specific findings, experimental methods, models, and 

results are explained.  
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2.1.1 Overview of dropwise cooling literature 

Experimental studies on droplet impingement and evaporation under single-

phase (non-boiling) conditions have been carried out by [4-10]. The behavior of 

boiling droplets on heated surfaces has been studied experimentally by [11-18]. 

References [19-31] investigated dropwise evaporative (non-boiling) cooling and 

developed physical and numerical models for impingement process simulations. 

Similar work for droplet boiling has been achieved by [32-34].  

 

2.1.2 General findings and background 

The behavior of a droplet impinging and evaporating on a heated, solid surface 

depends on many parameters. The most important ones have been identified to be the 

fluid thermophysical properties, the surface thermophysical properties, surface 

characteristics and treatment (e.g. roughness, impurities), pre-impact droplet diameter, 

pre-impact droplet velocity, and initial surface temperature. Droplet subcooling could 

also be a significant factor, but is not considered here since in the current study and in 

almost all of the reviewed literature, the droplet is initially at room temperature. This 

section corresponds specifically to water droplets impinging on smooth surfaces. 

Enhanced fluids and surfaces will be discussed later. 

 

2.1.2.1 Wetting Behavior and Contact Angle 

Fluid properties and surface characteristics determine the wetting behavior 

between the droplet and the solid. A convenient measure for the wettability is the 

contact angle, although it was shown that this value is subject to hysteresis and 

measured data can deviate significantly from the actual equilibrium value [1]. The 

equilibrium contact angle is the angle that is formed between liquid and solid under 

static conditions and on an ideal surface that is perfectly smooth and chemically 

homogenous (i.e. uniform solid surface energy). For such a surface, the hysteresis is 
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zero and the equilibrium contact angle can be determined from the Young-Dupre 

equation, which is based on a surface force balance at the solid-liquid-gas interface 

(contact line): 

 cos 0lg eq sg slσ θ σ σ⋅ − + =  (2.1) 

However, on practical surfaces and under dynamic conditions, such as during 

droplet impingement, the contact angle achieves various values, with an advancing 

contact angle as the upper, and a receding contact angle as the lower limit. 

Considering a sessile drop, this is explained by an additional surface force that is 

required for the droplet contact line to begin to move [2]. The contact angle has to be 

increased (e.g. by adding fluid or tilting the surface) beyond a critical value 

(advancing contact angle) before the interface will move from a wetted to a non-

wetted area. Conversely, the interface does not recede until the contact angle is 

reduced (e.g. by fluid removal, inclined surface) below the receding contact angle. 

This might be compared to frictional forces that prevent the movement of a rigid body 

on a rough surface.  

During the droplet impingement process, dynamic advancing and receding 

contact angles occur during droplet spreading and rebound, respectively [18]. After 

impingement, the droplet comes to a brief quasi-equilibrium state with near steady 

droplet geometry. The contact angle measured at this instant was found to be a good 

approximation to the equilibrium contact angle [1, 18] and is typically reported in the 

literature. However, measured contact angles deviate significantly when comparing 

same solid-liquid systems, which indicates that the surface wettability is very sensitive 

to fluid and surface characteristics. During droplet evaporation, the contact angle is 

reduced from its quasi-equilibrium value to the receding angle due to mass reduction. 

The wetted area stays approximately constant. Upon reaching the critical value, 

surface tension forces in the liquid overcome the solid-liquid surface resistance and 

the contact line starts receding. Values for the receding angle depend on the fluid and 

surface properties.  
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2.1.2.2 Impact behavior and droplet shape 

The earlier identified parameters influence the impact behavior of the droplet 

and its shape in the quasi-equilibrium stage. Hydrodynamics and heat transfer are not 

solely determined by the individual parameters, but also by their nondimensional 

combinations.  

A high impact Weber number results in break up of the droplet upon impact [3, 

17]. For low values, the droplet rebounds and typically forms a spherical cap. The 

parameter that mainly determines the Weber number is often the pre-impact velocity. 

Therefore, impingement at low Weber numbers is often termed a gently deposited 

droplet, which is the case for almost all of the reviewed studies. The value of the 

Weber number for such conditions found in the literature is typically on the order of 

10, using water as the fluid. Critical values for splashing depend on the solid-liquid 

system properties and the surface temperature.  

The Marangoni number is a measure for the classification of liquids into three 

groups: stable, substable, and unstable type evaporation [10]. The liquid-gas interface 

of stable evaporation type liquids (low Marangoni numbers) remains smooth and 

typically takes the shape of a spherical segment. Unstable evaporation type liquids 

having a high Marangoni number show significant surface tension gradients that cause 

stresses and fluid flow at the liquid-gas interface. Liquid is pulled towards the contact 

line, which leads to distortion of the free surface and the droplet gets rather disk 

shaped. The droplet evaporates to a thin film that eventually breaks up and forms a 

ring shaped structure of liquid patches before complete dryout. Ripples are observed 

on the liquid film due to instabilities.  

The Bond and Capillary number determine the droplet shape depending on its 

size. The liquid-gas interface of small droplets resting on a surface is basically formed 

by its surface tension and takes the shape of a spherical cap. For such small diameter 

droplets, gravity effects as well as convection inside the droplet can be neglected, i.e. 

low Bond and Capillary number. With increasing drop size, the interface forms a disk 
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shape since the surface tension forces cannot maintain the spherical shape due to 

greater liquid mass and increased convection inside the droplet. The internal fluid flow 

was found to occur from the droplet top center region down towards the surface and 

then along the surface to the contact line, where most of the evaporation takes place 

[10, 25, 26, 27, 29].  

For the spherical cap shape case, maximum droplet dimensions are reported in 

references [9, 27] for water. Paik et al. [9] suggest that the droplet initial volume 

should be less than 1 μl (do ≤ 1.24 mm). The second study [27] suggests a maximum 

wetting diameter of 1.6 – 2.0 mm and a corresponding maximum droplet height of 0.3 

– 0.4 mm. With the spherical cap assumption, the latter condition limits the initial 

volume to 0.32 – 0.66 μl (do ≤ 0.84 – 1.08 mm). However, the spherical cap 

assumption is widely used for theoretical models and numerical simulations even for 

droplet initial volumes on the order of 10 μl [21, 23, and others]. Verification of the 

spherical cap shape by fitting a circular curve to measured droplet free surface points 

can be found in references [18, 26, 38]. Measured data and the curve fit are in good 

agreement. Further considerations will generally correspond to droplets with spherical 

cap shape because this was assumed to be valid in the majority of the reviewed 

literature.  

Considering evaporative (non-boiling) conditions, in solid-liquid systems that 

demonstrate good wettability (e.g. hydrophilic surfaces), the droplet remains in contact 

with the surface during and after impact. Most of the initial kinetic energy is dissipated 

due to the liquid-surface interactions during the droplet spreading and rebound. For 

non-wetting conditions (e.g. hydrophobic surfaces, film boiling), little energy 

dissipation takes place and kinetic energy is mostly absorbed by droplet deformation 

during spreading. This results in a fast receding contact line during rebound and 

possible bouncing of the droplet [30].  

The surface temperature influences the impact behavior and droplet shape as 

well as the overall evaporation process characteristics. Experiments have been 
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performed over a wide range of pre-impact surface temperatures from room 

temperature evaporation up to film boiling conditions. For surface temperature 

conditions resulting in single-phase evaporation, the findings explained in the previous 

paragraphs in this section are valid. With increasing surface temperature, the droplet 

undergoes nucleate boiling, transition boiling, and film boiling. The characteristics of 

droplet boiling summarized here are specifically for water [11-18]. During nucleate 

boiling, the droplet stays in contact with the surface. The impact behavior and quasi-

equilibrium droplet shape is similar to non-boiling conditions since onset of boiling 

occurs after spreading and rebound. Boiling becomes more vigorous with increased 

surface temperature. In the film boiling regime, a vapor layer forms during impact, 

preventing the droplet from wetting the surface. At high impact velocities, droplet 

bouncing or scattering due to explosive vapor generation has been observed [13, 17, 

and others]. Lower Weber numbers result in floating of the droplet on the vapor film 

upon impact and the free surface is spheroidal (small droplets) or disk shaped (bigger 

droplets). Transition boiling exhibits features similar to both nucleate and film boiling. 

In this regime, the droplet wets the surface just intermittently and interrupted 

nucleation occurs.  

 

2.1.2.3 Droplet evaporation process 

Past impingement, in the case of evaporative cooling, the droplet evaporation 

process is typically divided into two stages based on the change of droplet geometry 

with time: constant contact area and constant contact angle, named here as stage 2 and 

3, respectively. Stage 2 occurs after the initial impact when the droplet has reached the 

quasi-equilibrium state. Stage 3 follows directly stage 2. The classification is made 

based on observations during experiments and confirmed by numerous researchers 

[19-31]. Rymkiewicz and Zapalowicz [4] also defined the initial impact as a stage, 

here referred to as stage 1. In this stage, the droplet impacts, spreads, and forms on the 

surface. The temperature and flow field develop. The time scales of the hydrodynamic 
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and heat transfer mechanisms in stage 1 were found to be very small compared to the 

whole evaporation process [25, 28] and very little evaporation occurs. The bulk of heat 

transfer takes place during stage 2 and 3. Therefore, sessile drop evaporation is 

considered and analyzed in most of the cases.  

The constant contact area and constant contact angle stages can be explained 

by the phenomena of contact angle hysteresis described earlier. In stage 2, the contact 

angle decreases with near constant wetting diameter until the receding angle is 

reached. In stage 3, the contact area decreases with the contact angle at an 

approximately constant value, until complete dryout occurs. The relative duration of 

each stage depends on the solid-liquid system and its properties. An additional stage 

was suggested by [1, 2, 31]. They observed a simultaneous rapid decrease in both 

contact area and contact angle close to the end of the evaporation process. Further, 

Rymkiewicz and Zapalowicz, and Bourges-Monnier and Shanahan [4, 31] report a 

series of sudden droplet diameter shrinking followed by constant diameter evaporation 

instead of the constant contact angle stage 3.  

The evaporation process for boiling droplets is not as well defined as for non-

boiling conditions. The evaporation behavior is determined by nucleation, which can 

include violent vapor generation, and is rather unpredictable. When the droplet wets or 

intermittently wets the surface, as in nucleate and transition boiling, respectively, the 

evaporation process is characterized by severe bubble formation, fluid ejection, and 

explosions, if the surface excess temperature is sufficiently high. For the case of non-

wetting as in film boiling, if no scattering occurred during impact, the droplet floats on 

the vapor layer. No nucleation takes place. Several researchers determined the boiling 

curve for water droplet impingement [12, 14, 17, and others]. It exhibits a similar 

behavior as that for pool boiling.  
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2.1.2.4 Heat flux and evaporation rate 

Heat flux and evaporation rate during droplet evaporation were found to be 

non-uniform and unsteady. General findings for single-phase cooling are summarized 

here. Information about the temporal and spatial variations in heat flux and 

evaporation rate for phase-change conditions could not be found in the open literature. 

Evaporation rate is defined as the change in droplet mass per unit time. The 

spatial distribution, as obtained from numerical calculations [21, 26, and others], 

shows that evaporation rate and heat flux increase from the droplet center towards the 

contact line. This was correlated with decreasing droplet thickness with distance from 

the center. Generally, a lower liquid film thickness results in a lower thermal 

resistance between the solid surface and the evaporation interface. This leads to 

increased liquid-air interface (free surface) temperature and thus, greater evaporation 

and heat flux. As explained before, the solid-liquid contact area remains nearly 

constant until the receding angle is reached. Thus, since most of the evaporation is 

from the droplet edge, there must exist a supply of liquid to the contact line from the 

droplet bulk region and replace the evaporated fluid [29].  

The transient evaporation rate is often determined by recording the droplet 

evaporation process and computing the volume change with time from the droplet 

wetting diameter and height, assuming a spherical cap shape [24, 26, 38, and others]. 

A contact area averaged value is obtained from 

 l
dVm
dt

ρ= ⋅&  (2.2) 

By neglecting sensible heating and heat transfer at the free interface, assuming that the 

thermal energy is absorbed solely by liquid evaporation, the contact area averaged 

transient heat flux can be expressed as 

 '' fgm h
q

A
⋅

=
&

 (2.3) 



 
 
 
  14 

The evaporation rate and heat flux transient depend on droplet height and process 

stage. A simple model is to assume that the heat transfer is controlled by the thermal 

resistance of the liquid and the evaporative resistance at the liquid-vapor interface 

[24]. For droplets with small height (e.g. small drops, low contact angle drops), the 

thermal resistance of the liquid is not significant and changes in height during 

evaporation do not influence the evaporation rate. The volume temporal changes for 

such conditions were found to be almost linear during the constant wetting area stage 

[8, 26, and others], which implies near constant evaporation rate and heat flux. 

However, if the droplet height initially is such that the thermal resistance of the liquid 

is significant, evaporation is accelerated as the droplet height shrinks due to the 

reduction in thermal resistance, and heat flux increases [8, 19, 21]. As the contact line 

starts receding, evaporation slows down due to reduced contact area [8, 22, 29]. The 

heat flux, however, is enhanced since the lower evaporation rate is compensated by the 

smaller wetting area and reduced droplet thickness [22]. Both heat flux and 

evaporation rate increase with higher surface temperature in the evaporative cooling 

regime.  

Droplet size and contact angle are two parameters that affect evaporation rate 

and heat flux. Comparing droplets at the same contact angle, small droplets evaporate 

faster, but the evaporation rate is found to be raised for larger droplets because of the 

greater free surface area. Conversely, heat flux is higher for small droplets due to the 

lower contact area and lower thermal resistance [5, 8, 9]. Chandra et al. [22] studied 

the effect of contact angle on heat transfer of droplets with the same initial volume. By 

adding a surfactant to water, the contact angle on stainless steel was reduced from 90 

degree to 20 degree, thus enhancing the wettability. Decreased contact angle leads to 

increased wetting area and reduced droplet height, which improves the evaporation 

rate. Evaporation time was reduced up to 50%. However, the area averaged heat flux 

was found to be reduced since the larger evaporation rate is set off by the increased 

wetting area. Droplets with contact angle lowered with surfactants caused a surface 
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temperature reduction of approximately 70 – 110% compared with that produced by 

pure water droplets, indicating enhanced cooling. Furthermore, the radius over which 

the surface temperature is affected by the droplet is higher.  

An area averaged transient heat transfer coefficient for dropwise cooling was 

proposed by Lee et al. [24] and is expressed as 

 ''
s

qh
T T∞

=
−

 (2.4) 

It accounts for the overall heat transfer resistance between heated surface and ambient 

air, including solid-liquid contact resistance, liquid thermal resistance, and evaporative 

resistance, neglecting convection and radiation at the free interface as well as sensible 

heating at the initial stage of the process.  

 

2.1.3 Dropwise cooling literature 

Research on dropwise cooling has spanned over several decades. Over the 

years, measurement techniques and theoretical models were improved and new 

insights were obtained. However, many basic results had already been obtained in 

early studies. Fundamental analyses on droplet wetting and evaporation behavior have 

been carried out by Herzberg et al. [1], and Simon and Hsu [2]. Herzberg et al. 

measured the advancing and receding contact angle of sessile water droplets on glass 

surfaces and the data confirmed the theory of contact angle hysteresis. Simon and Hsu 

[2] experimentally and theoretically studied the shape history of water drops 

evaporating at room temperature on various smooth surfaces. They observed the basic 

evaporation stages and concluded that the constant contact area stage was longer for 

surfaces with higher wettability, while the constant contact angle stage dominated for 

lower wettability surfaces.  

An early experimental investigation on the heat transfer during droplet 

impingement for water and ethanol impacting a polished stainless steel surface is 

presented by Seki et al. [11]. The transient temperature response of the surface 
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underneath the drop was measured for different excess temperatures using a thin film 

resistance thermometer. Fluctuations in surface temperature were observed, indicating 

nucleate boiling. Intermittent and no fluctuations occurred during transition and film 

boiling, respectively, due to inferior wetting. While the surface temperature remained 

relatively low during nucleate boiling, it rose quickly upon impact for film boiling 

conditions. A theoretical solid-liquid interfacial contact temperature for the time of 

droplet impact, also referred to as the Seki-temperature, is derived based on the 

interaction of two semi-infinite solids initially at different temperatures. It is expressed 

as  

 
, ,s o p l o p

s l
cont

p p
s l

T c k T c k
T

c k c k

ρ ρ

ρ ρ

⋅ + ⋅
=

+
 (2.5) 

and used as reference value in several studies. The Seki-temperature was found to be 

valid for single-phase conditions and nucleate boiling where no nucleation occurs 

during impact.  

Makino and Michiyoshi [12, 13, 32] further studied water droplet boiling heat 

transfer and evaporation behavior. The transient surface temperature response was 

measured and the droplet impingement and evaporation was recorded for various 

smooth surfaces. A model to predict heat flux and surface temperature was derived in 

Ref. [32]. It includes empirical correlations from their earlier research [12, 13] and is 

based on transient heat conduction in semi-infinite solids before the onset of boiling, 

and assumes both constant surface temperature and heat flux during nucleation. 

Similar studies on droplet boiling have also been accomplished by Takano and 

Kobayasi [14], and Labeish [15].  

Rymkiewicz and Zapalowicz [4] provided experimental results on the single-

phase vaporization process of water droplets on a heated solid surface. The 

evaporation process was recorded using a video camera and evaporation stages were 

identified and described in detail. Abu-Zaid and Atreya [5] compared water droplet 

evaporative cooling on porous and non-porous ceramic surfaces. The transient surface 
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temperature response was acquired at different radial and axial locations from the 

droplet center using several surface and in-depth (axial) thermocouples, respectively. 

The porous surface showed lower surface temperature and evaporation time, longer 

surface recovery time after dryout, and greater radial and axial distance of cooling 

influence, indicating enhanced cooling. Further, the authors concluded that a series of 

impinging small droplets possesses a superior transient temperature behavior 

compared to larger drops because temperature minima occur more frequent.  

Early mathematical and numerical models for the heat transfer of evaporating 

sessile droplets were developed by Bonacina et al. [35] and Rizza [36]. The model in 

Ref. [35] is based on one dimensional heat conduction through the droplet and uses an 

isothermal solid surface boundary condition. Rizza [36] solved a two dimensional 

transient conduction equation for the solid alone with an arbitrary surface temperature 

as boundary condition. Further models have been proposed by di Marzo and 

coworkers for water droplet evaporation under non-boiling conditions [19-22]. Spatial 

and temporal variations of heat flux and surface temperature as well as evaporation 

time are computed and verified by experimental data obtained in the same or earlier 

studies. While the first model [19] is one dimensional with isothermal solid surface 

boundary conditions, the coupled, two dimensional heat conduction equations for the 

solid and liquid are solved in Refs. [20, 21]. Based on experimental observations, the 

contact area was held constant during the computations with the droplet height 

allowed to decrease. A more general approach was made in [22] where the coupled 

two dimensional equations were solved in two steps: First, the contact area was held 

constant until the receding angle is reached. Then, the contact angle was held constant 

with decreasing wetting area, according to the general evaporation process stages. 

Results for different surface materials [20] indicated that the surface temperature 

spatial and temporal variations were small for high thermal conductivity solids, 

whereas they were quite large for materials with low thermal conductivity. 

Temperature profiles for low conductivity surfaces show steep gradients, meaning that 
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the temperature drop is more pronounced with reduced radial cooling influence. The 

isothermal surface boundary condition is therefore reasonable only for materials with 

high thermal conductivity.  

Several studies by di Marzo et al., and Tartarini et al., [6, 7, 16, 23, 33] involve 

infrared (IR) thermography for the measurement of the surface temperature response 

during water droplet evaporation and boiling. In [6, 16, 23, 33], an IR camera is 

mounted above the heated surface and captures the transient surface temperature 

distribution beyond the droplet wetting area. The temperature field beneath the drop 

could not be measured since water is a highly participating medium and absorbs 

radiation energy emitted by the surface. This issue was improved by monitoring the 

surface temperature from below through an IR transparent material (BaF2) coated with 

a very thin (O(10) μm) IR opaque, high emissivity layer of black acryl paint [7]. Well 

resolved surface temperature history and profiles were obtained. Temperature profiles 

along two perpendicular directions were found to match up well, which indicates 

symmetry of the droplet and temperature field.  

Crafton and Black [8] observed the change in geometry of water and n-heptane 

droplets evaporating on heated polished aluminum and copper surfaces with a video 

camera. Contact angle, evaporation rate and heat flux were determined from the 

experimental data. Lee et al. [24] and Paik et al. [9] improved heat flux and surface 

temperature measurements, respectively, using multi-element heater arrays. A 96-

element, partially transparent platinum resistance heater is used in [24] and kept at 

constant temperature during evaporation by individually adjusting the heat input to 

each element. The total heat transfer is calculated from the sum of the single element 

electrical power consumptions. The droplet evaporation dynamics are visualized using 

high speed cameras from the side and below. In [9], well resolved spatial and temporal 

temperature variations were obtained based on the temperature dependent electrical 

resistance of the heater elements of a 32-element gold heater array.  
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Mudawar and coworkers [17, 18, 34] made several studies on water droplet 

impingement and boiling on aluminum surfaces. The impact behavior of droplets at 

different Weber numbers was examined in [17] over a wide range of initial surface 

temperatures. Boiling as well as cooling curves were determined and the values for 

critical heat flux (CHF) and Leidenfrost point (LFP) were obtained. The temperature 

dependence of the quasi-equilibrium contact angle was experimentally analyzed in 

[18]. [34] presents a LFP model for impinging droplets and sprays based on the vapor 

bubble kinetics and surface cavity characteristics.  

The most recent works usually involve numerical simulations of droplet 

evaporation. The models account for convection within the drop and often both the 

velocity and temperature field are determined by numerically solving the mass, 

momentum and energy equations. Ruiz and Black [25] numerically computed the fluid 

motion and temperature variations in the liquid for a water droplet evaporating on a 

hot surface applying the steady contact line and spherical cap shape assumption along 

with the isothermal surface boundary condition. They conclude that fluid motion 

provides a different temperature field compared to a conduction model. Hu and Larson 

experimentally and theoretically examined the evaporation behavior and shape history 

of a constant wetting diameter water droplet on an unheated glass substrate [26], and 

later investigated the fluid flow in an evaporating sessile droplet under the same 

conditions [27]. Bhardwaj et al. [28] modeled the coupled solid and liquid heat 

transfer and fluid dynamics during the impact of a heated water droplet on an unheated 

glass substrate and compared the theoretical results to their experimental data. A 

novel, laser-based method is used to measure the temperature at the solid-liquid 

interface. It is based on the change in solid-liquid interfacial reflectivity (i.e. liquid 

refractive index) with temperature. Heat transfer during the initial impact was found to 

occur essentially due to convection. Once the droplet became sessile, conduction 

dominated. In a different study [29], Bhardwaj and Attinger developed a model for the 

solid and liquid temperature field and liquid velocity field for a sessile droplet 
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evaporating on a hot surface. The model is solved in two steps corresponding to the 

constant contact area and constant contact angle stages. Unlike previous models that 

assume a spherical cap shaped droplet, changes in droplet shape are determined by a 

free surface force balance.  

 

2.2 Nanofluids 

Heat transfer in traditional fluids like water, oils, or ethylene glycol is limited 

because of their low thermal conductivity. Suspensions have been studied with 

dispersed millimeter and micrometer sized particles having much higher thermal 

conductivity than the base fluid. However, the relatively large particles caused issues 

like fluid instability due to sedimentation, clogging of tubing and channels, increased 

pressure drop, and abrasion. Suspensions containing nano-scale particles, as first 

studied by Choi [39], show considerably enhanced thermal properties and are by far 

less likely to induce the aforementioned problems. Typically metal (e.g. Cu, Al, Au), 

oxide (Al2O3, CuO, TiO2, SiO), or carbon (graphite, diamond, carbon nanotubes 

CNTs) particles are used because of their two to three orders of magnitude superior 

thermal conductivity. Nanofluids were found to be very stable after proper 

ultrasonication [40], and, as applied in some cases, by adding dispersants.  

Particle dimensions are typically less than 100 nm and can be as small as a few 

nanometers. Concentrations found in the literature range from zero (pure base fluid) 

up to 5% by volume. The basic parameters that determine the thermal properties of a 

nanofluid have been identified as particle size and shape, particle and base fluid 

thermal conductivities, particle concentration, and temperature. Possible mechanisms 

of enhanced heat flow in stationary nanofluids were suggested to be Brownian motion 

induced micro-mixing and particle collisions, liquid molecular layering at the particle-

liquid interface, ballistic nature of heat transport in particles, and paths of low thermal 

resistance due to particle clustering, Keblinski [41]. Under dynamic conditions, 

intensification of turbulence, particle rearrangement, suppression of the thermal 



 
 
 
  21 

boundary layer, and delay in boundary layer development are further mechanisms of 

heat transfer enhancement [42, 43].  

General parametrical trends for thermal conductivity enhancement of 

nanofluids can be observed in the literature. For the ranges of particle size and 

concentration stated above, the following tend to increase the thermal conductivity: 

high particle and base fluid thermal conductivity, increase in particle concentration, 

decrease in particle size and high shape factor that improve surface to volume ratio 

and aggregation kinetics [44], and raise in temperature that leads to intensified particle 

motion [45]. As small particles are more likely to cluster, reducing the particle size is 

limited since agglomerations grow too large which leads to decreased particle motion, 

inferior particle distribution, and particle sedimentation [44]. Trends in experimental 

data have been summarized by Bahrami et al. [40].  

 

2.2.1 Thermal conductivity enhancement 

Most of the research on Nanofluids focuses on fluid thermal properties 

measurement and modeling. A non-exhaustive list of experimental thermal 

conductivity enhancements (maximum values found in each study) is presented in 

Table 2.1. The values have mostly been measured using techniques based on the 

transient hot wire (THW) method and are always in comparison with the base fluid 

properties. Heat transfer coefficients for nanofluid flow through a heated pipe have 

also been determined and drastically improved values are reported [42, 43, 48].  

 

2.2.2 Pool boiling heat transfer using nanofluids 

Characteristics of pool boiling with nanofluids was experimentally studied by 

Das et al. [52] using a water based Al2O3-particle suspension of up to 4% volume 

fraction. A 20 mm diameter cartridge heater was applied as the boiling surface. 

Although the nanofluids demonstrate enhanced thermal conductivity, their boiling 
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Table 2.1: Maximum experimental thermal conductivity enhancements 
 

Ref. Particle dp (nm) φ (%) Base Fluid % Dispersant k* (%) at T (C) 
        

[43] CNTs    – a)   0-1 wt b) H2O 0.25 wt GA c) 79 30 

[45] Al2O3
CuO 

38.4 
28.6 

   0-4 vol d)

0-4 vol 
H2O 
H2O 

   – e)

– 
24 
36 

51 
51 

[46] Al2O3
CuO 

38.4 
23.6 

0-4 vol 
0-4 vol 

   EG f)
EG 

– 
– 

14 
21 

   RT g)

RT 

[47] Cu <10 0-0.5 vol 
0-0.3 vol 

EG 
EG 

– 
<1 vol TGA h)

14 
40 

RT 
RT 

[48] Graphite i) 0-2.5 wt Oil – 56 RT 

[49] CNTs 20-50 j) 0-1 vol 
0-2 vol 

EG 
Oil 

– 
5 vol NHS k)

12 
30 

RT 
RT 

[50] CNTs 120 j) 0-0.25 vol 
0-0.6 vol 

EG 
H2O 

– 
0.1-3 wt SDS l)

0.1-6 wt CTAB m)

9 
39 
34 

RT 
RT 
RT 

[51] Diamond 5-50 0-1 vol H2O – 67 21 

a) not stated 
c) Gum Arabic 
e) none 
g) Room Temperature 
i) graphite disks, dp = 1-2 μm, 20-40 nm thick 
k) N-hydroxysuccinimide 
m) Hexadecyltrimethyl Ammonium Bromide 

b) % by weight 
d) % by volume 
f) Ethylene Glycol 
h) Thioglycolic Acid 
j) several μm in length 
l) Sodium Dodecyl Sulfate 
 

 

curves are shifted to higher wall temperatures. This reduction in boiling heat transfer 

was referred to degradation of the heater surface characteristics due to particle 

deposition. The nano-sized particles are typically much smaller than the surface 

roughness features, thus filling cavities and hindering nucleation. The authors 

concluded that nanofluids are not suitable for phase-change applications. CHF and 

heat transfer coefficients for nanofluid boiling have been determined experimentally 

by Jackson et al. [53]. The fluid, water with 0.058 g/l dispersed gold nano-particles, 

was heated by a horizontal copper surface. A maximum CHF improvement of 175% 
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was measured; however, the heat transfer coefficients for the nanofluid were 25 – 30% 

lower than those for pure water, which was attributed to surface fouling from the 

nano-particles. On the other hand, Truong [54] reports overall higher heat transfer and 

CHF improvements up to 68% and 56% for silica and alumina particles, respectively 

(0 – 0.1% by volume in water). It should be noted that a wire heater was used in this 

study. It is suggested that the heat transfer enhancement occurs because of the growth 

of a relatively thick porous layer on the wire surface during boiling due to nano-

particle deposition. It might be concluded that boiling heat transfer in nanofluids 

depends mainly on particle deposition phenomena, heater type, and initial heater 

surface characteristics.  

 

2.2.3 Droplet and spray cooling heat transfer using nanofluid 

Few researchers have investigated heat transfer in spray cooling and droplet 

evaporation with nanofluids. Guinn and Banerjee [55] examined two-phase single 

droplet stream cooling performance using water-based silica nanofluid with a 

concentration of 2% by volume. CHF on the heated silicon surface for pure water was 

measured to be 3.00 W/cm2 at an excess temperature of 18.5 °C, while it was only 

1.33 W/cm2 at 30.5 °C for the nanofluid, which is a reduction of 56 percent. This was 

again attributed to nanoparticle precipitation on the heater surface. Nanofluid droplet 

(single-phase) evaporation and dry-out characteristics were studied by Chon et al. 

[56]. Spatially and temporally resolved temperature and heat flux measurements have 

been made using the same heater array as Paik et al. [9], explained earlier. Strong 

pinning of the droplet contact line during evaporation has been observed as well as a 

ring shaped particle stain that remained on the surface upon dry-out. The migration of 

nano-particles to the contact line is due to the droplet internal flow field explained 

earlier in section 2.1. This capillary flow induced phenomenon is generally observed 

in evaporation of suspensions, e.g. coffee ring or red wine stain, and has practical 

applications [57].  
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Bansal and Pyrtle [60] spray cooled a copper surface with water and aqueous 

alumina nanofluids of mass concentrations up to 0.5%. Experiments were performed 

under single- and two-phase conditions. Their results indicate that over a major part of 

wall temperature conditions, the nanofluid cooling performance (i.e. heat fluxes) was 

lower than that for water due to surface fouling.  

 

2.2.4 Wetting ability of nanofluids 

It is expected that the addition of nanoparticles alters the wetting behavior of 

the impinging droplets and hence could affect heat transfer. Vafaei et al. [58] report a 

significant increase in droplet static contact angle of nanofluids over pure water. They 

tested several aqueous suspensions of thioglycolic acid functionalized bismuth 

telluride particles on smooth glass and silicon wafer surfaces at room temperature. No 

significant difference in contact angle was observed in a study by Kim et al. [59] for 

various types of metal-oxide nanofluids and pure water on a smooth stainless steel 

surface. On the other hand, they showed that contact angle is dramatically decreased 

for both water and nanofluid droplets if the same surface has been used during 

nanofluid boiling and therefore has been coated with nano-particles. This 

improvement in wettability might explain CHF enhancement in nanofluid boiling.  

 

2.3 Structured surfaces 

In cooling applications, enhanced surfaces are used to improve heat transfer 

between the hot substrate and the cooling medium. In this literature review, 

enhancement due to micro- or nano-scale structured surfaces is considered. The heat 

transfer improvement of such surfaces is determined relative to a smooth, unstructured 

substrate under otherwise same test conditions. One of the easiest means to obtain a 

micro-structured surface that was applied in early studies is to roughen the surface 

with e.g. sand paper or other abrasives. As technology improved, superior and more 
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customized structures could be fabricated. Also, the surface texture features shifted 

from the micro- to the nano-scale as nano-technology has become more important. 

Different structures and manufacturing techniques will be explained in more detail 

later in this section. 

The reviewed literature on enhanced surfaces presented here involves basically 

two kinds of cooling methods that are of relevance to the present study: Pool boiling 

and spray cooling. A few studies also involve experiments with single droplet 

impingement and evaporation on structured surfaces. However, detailed research on 

droplet impingement and evaporation on enhanced surfaces could not be found in the 

literature.  

The mechanisms responsible for the heat transfer enhancement in spray 

cooling and pool boiling on structured surfaces are not fully understood and still a 

subject of research. Some of the major explanations typically found in the enhanced 

surface literature that was reviewed for the current research are that structures show 

increased surface area, improved wettability, augmented active nucleation site density 

and vapor entrapment volume, intensified bubble interactions during boiling, and 

interruption of the near wall thermal boundary layer. Thus, applying textured surfaces 

can lead to significantly higher heat fluxes, improved spray efficiency, reduced 

incipient boiling superheat, enhanced nucleation, and delayed surface dryout. Heat 

transfer enhancement has been found to be more pronounced at higher heat flux or 

superheat levels.  

 

2.3.1 Effects of surface roughness in droplet impingement 

Sehmbey et al. [62] investigated the effect of surface roughness on spray 

cooling heat transfer using an air atomizing nozzle to spray water onto heated copper 

surfaces. The rough surface was prepared using 14 μm grit emery paper. Experiments 

on the polished surface resulted in up to 50% higher heat transfer compared to the 

roughened substrate. Similar results were obtained by Pais et al. [63] from spray 
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cooling experiments with air-atomized water on smooth and rough copper surfaces. 

The roughness values ranged from 0.3 – 22.0 μm, with the smoothest surface 

achieving the highest heat flux. In both studies, the improved cooling performance of 

the smooth surface is referred to a lower thermal resistance of the thinner liquid film. 

Fluid tends to pool on rough surfaces, increasing the film thickness.  

Sehmbey et al. [64] later showed that heat transfer is enhanced on rough 

substrates using a pressure atomized spray. Ortiz and Gonzalez [65] spray cooled 

copper surfaces roughened using 600 grit emery paper. The nozzle was also of a 

pressure atomizing type. The rough surface indicated higher CHF for all flow rates 

tested, showing enhancements up to 100% at lower and 15% at higher flow rates. It 

may be concluded that for secondary gas atomized sprays that typically show very 

small droplet size and mass flux, thin film evaporation is the major heat transfer mode, 

leading to superior heat flux for smooth surfaces, as in [62, 63]. This effect diminishes 

as the film becomes thicker at larger flow rates, e.g. when using pressure atomized 

sprays. In this case, heat transfer mechanisms are different and favored by the 

roughness, as found in [64, 65].  

Bernardin et al. [66] studied water droplet impingement on smooth and rough 

surfaces for different Weber numbers and superheats. The roughness of the copper and 

aluminum test articles ranged from 97 nm to 2.96 μm. The heat flux was increased in 

the nucleate and part of the transition boiling regime using rough substrates and low 

Weber numbers. A decrease in the LFP temperature was observed. Liu et al. [67] 

examined the effects of surface roughness on droplet impact dynamics under nearly 

isothermal conditions (i.e. no evaporation during droplet spreading) using the cryogen 

fluid R-134a. They conclude that droplets on rough surfaces spread less and slower 

due to higher energy dissipation.  
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2.3.2 Pool boiling heat transfer on structured surfaces 

Pool boiling of saturated FC-72 on a nano-porous surface was studied by 

Vemuri and Kim [68]. Aluminum oxide was coated onto an aluminum substrate to 

form a 70 μm thick porous layer with pore diameter in the range of 50 – 250 nm. 

Experiments were carried out with smooth and porous aluminum at same heat flux 

levels. The porous surface demonstrates lower excess temperatures with a maximum 

enhancement of 30%. Various hybrid micro-nano structured thermal interfaces have 

been tested by Launay et al. [69] using water and PF-5060 as heat transfer fluids. 

Microstructures have been fabricated into silicon using micromachining techniques. 

Multi-walled carbon nano-tubes (MWCNTs) were then grown on smooth and micro-

structured silicon to obtain purely nano-scaled and hybrid micro-nano scaled textures. 

The tested surfaces include a sample fully coated with MWCNTs, a pin fin micro-

structure, a MWCNT pin fin hybrid structure, and two 3D micro-structures with 

straight fins, one of which was coated with MWCNTs. Micro-scale features are on the 

order of 100 μm and the nano-scale ranges from about 10 – 100 nm. For both fluids, 

the uncoated 3D micro-structured surface performed the best with up to 110% heat 

flux enhancement over the smooth surface, followed by the pin fin micro-structured 

surface. Samples with MWCNTs showed modest improvements only at low heat 

fluxes. This was mainly attributed to oxidations during the MWCNT growth process 

that increase the thermal resistance between heater and sample. Li and Peterson [70] 

examined the effects of the geometric dimensions of a micro-porous coating on pool 

boiling performance. Copper wire screens were sintered onto a copper substrate in a 

staggered arrangement. The coating thickness, porosity, and pore size were altered 

from 0.21 – 2.3 mm, 0.409 – 0.693, and 119.2 – 232.2 μm, respectively. Significant 

improvements in heat transfer and boiling performance were found in all cases with 

the heat flux increasing with reduced porosity and pore size. The optimum thickness 

depended on the heat flux. Sriraman and Banerjee [71] investigated pool boiling heat 

transfer from a nano-structured silicon surface immersed in PF-5060. Step and Flash 
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Imprint Lithography (SFIL) was applied to create an array of straight nano-fins 

consisting of 200 nm diameter pillars of 100 nm height. CHF enhancement up to 41% 

is reported. In a related study, Sathyamurthi and Banerjee [72] tested MWCNT coated 

silicon substrates. The 8 – 16 nm diameter MWCNT are grown to heights of 9 and 25 

μm by Chemical Vapor Deposition (CVD). The 9 μm MWCNT texture exhibits 

significantly higher heat flux than a smooth silicon surface, while the 25 μm MWCNT 

surface showed rather small improvement. Maximum enhancements were found to be 

39.8% and 14.5%, respectively. It was concluded that higher surface thermal 

conductivity due to MWCNT deposition helped to improve heat transfer. 

 

2.3.3 Spray cooling heat transfer on structured surfaces 

Micro-porous coated heat transfer interfaces exposed to a water spray have 

been examined experimentally by Kim et al. [73]. Plain copper surfaces were sprayed 

with ceramic epoxy containing 8 – 12 μm sized aluminum particles to build up a 

porous layer of about 50 μm in thickness and 0.1 – 1 μm sized cavities. Up to 50% 

greater heat flux was achieved because of capillary pumping phenomena. Heat transfer 

rate was found to increase with mass flow rate, but the enhancement due to the porous 

structure stayed about constant. Using larger particle sizes tended to yield no 

additional heat transfer improvement while the coating thickness could be optimized 

to a value of 100 μm. Silk et al. [74, 75] researched different structure shapes 

including cubic pin fins, straight fins, and pyramid fins using PF-5060. Those 

structures were machined in copper and are on the order of 1 mm, significantly larger 

than the liquid film thickness. A parametric study on the cubic pin fin dimensions is 

made in [74]. The heat flux was increased in all cases with a maximum enhancement 

in CHF of 51% for the smallest pin width and pitch. The authors concluded that pin 

height has only little effect on heat transfer and that the enhancement in heat flux does 

not scale with the increase in surface area. Comparison of the different shapes [75] 
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resulted in CHF enhancements of 58%, 43%, and 31% for the straight, cubic, and 

pyramid fins, respectively. Accordingly, the spray cooling effectiveness was 

improved. Straight fins have been further investigated by Coursey et al. [76] in PF-

5060 spray cooling of high aspect ratio open micro-channels having channel and fin 

width of 360 μm and 500 μm, respectively. Channels with various depths of 0.25 – 5 

mm were micro-machined into copper and they all outperformed heat transfer on 

smooth copper with the longer fins demonstrating greater improvements in the single-

phase regime. Hsieh and Yao [77], and Amon et al. [78] spray cooled surfaces 

textured with square micro-studs of various dimensions on the order of 100 μm. The 

geometries were fabricated in silicon using Deep Reactive Ion Etching (DRIE). Four 

regimes have been identified: flooded, thin film, partial dryout, and dryout. The 

structures showed rather low to moderate heat transfer enhancement only in the two 

intermediate (2nd and 3rd) regimes. The improvement is referred to wetting 

enhancement due to capillary action. The impact of altered structure dimensions was 

consistent with [74], i.e. most pronounced heat transfer enhancement using the 

structure with the smallest pin width and pitch. Experiments including single droplet 

evaporation on nano-textured substrates were carried out by Chiba et al. [79]. Carbon 

particles coated on stainless steel and copper formed enhanced surfaces with features 

on the order of the micro- and nano-scale. Faster droplet evaporation was observed on 

the structured substrates, which was explained by enhanced surface wettability and 

thermal conductivity due to the carbon. Sodtke and Stephan [81] showed that water 

spray cooling on micro-structures can lead to significantly improved cooling 

performances compared to smooth surfaces. They believe that this is due to an 

increase in length of the three phase contact line which leads to improved thin film 

evaporation. Their structure contained micro-scale pyramid fins machined into copper. 

Contact line length increase and hence heat flux enhancement was the most 

pronounced with the pyramid fin tips reaching out of the liquid film.  
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2.3.4 Wettability of nano-structured surfaces 

The surface structure is expected to change the wetting behavior of the solid-

liquid system. Munshi et al. [82] report significantly reduced contact angles of sessile 

water droplets on indium-oxide nano-particle coated silicon surfaces compared to a 

substrate coated with an indium-oxide conventional thin film. The contact angle on the 

thin film surface was measured to be 68°, while it was 67 – 24° for deposited particles 

of 620 – 14 nm in size, respectively. Improved wettability due to nanoparticle 

deposition during nanofluid boiling was also observed by Kim et al. [59], as 

mentioned above. Fan et al. [83] studied water contact angles of vertically aligned 

silicon nanorod arrays of different heights. As-deposited (hydrophilic) and 

hydrofluoric acid treated (hydrophobic) surfaces were analyzed. They observed that 

for as-deposited hydrophilic samples, the hydrophilic nature increased with coating 

thickness (Wenzel’s law), while for the acid treated hydrophobic substrates, the 

hydrophobic nature increased with coating height (Cassie’s law). It might be 

concluded that surface textures can greatly alter the wetting behavior, depending on 

the wettability of the original surface.  

 

 

 



 
 
 
  31 

3 EXPERIMENTAL APPARATUS AND PROCEDURE 

An overview of the experimental facility for the droplet impingement studies is 

shown in Fig. 3.1. The major components are the manifold with impingement surface, 

droplet generation system, surface heating system, HSHR imaging system and IR 

imaging system. The droplet generation system includes a waveform generator, an 

amplifier, a fluid reservoir and a piezoelectric driven droplet generator. Single droplets 

are produced by applying a signal from the waveform generator to the piezoelectric 

oscillator mounted in the droplet generator. A specific waveform was used to yield 

reproducible droplet size and velocity. The impingement surface, a silicon wafer, is 

heated by applying a voltage to the thin film platinum resistance heaters on the bottom 

of the disk. The supplied heating power is recorded and controlled using a National 

Instruments (NI) Data Acquisition System (DAQ system). The droplet impingement 

and evaporation process is simultaneously recorded by the HSHR and IR imaging 

system. IR transparent and opaque media are used to measure the near surface droplet 

fluid and wall temperature, respectively, from beneath the test manifold. The HSHR 

camera is mounted horizontally and leveled to the impingement surface in order to 

capture the droplet hydrodynamics. Back lighting is applied using two halogen light 

sources and fiber optics. Both cameras are triggered at the same time by a pulse from 

the waveform generator. A second, time delayed signal within the same waveform 

triggers the droplet generator. The time delay was used to assure that the entire process 

was captured. 

In the following sections, the various components of the test facilities will be 

explained in more detail. An extensive description of the HSHR camera and DAQ 

system, the lighting system, and the waveform and droplet generation system is 

provided in [85]. 
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 Trigger / waveform signal from waveform generator 
 

Figure 3.1: Schematic of the droplet impingement facility 

 

3.1 Impingement surfaces 

Heated silicon wafers with different surface characteristics have been used as 

impingement surfaces. The samples were fabricated at the Washington Technology 

Center (WTC), Seattle, WA. The wafers are 38.1 mm (1.5 inches) in diameter and 0.5 

mm in thickness. Photographs in Fig. 3.2 show the basic layout of the disks. A 0.2 μm 

thin platinum layer is deposited on the bottom side and forms two separated, ring-

shaped resistance heaters. The inner heater will be termed heater # 1, and the outer 

heater, # 2. Small edge-shaped platinum markers are deposited around the disk center 

to delineate the boundaries of the IR camera field of view and for alignment of the 

field of view of the camera with the heater disk. Thus, it is assured that measurements 
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are taken at consistently the same location for which the IR camera calibration is 

made. Furthermore, the fluid heating is spatially symmetric when the droplet impacts 

the surface center. A SiO2 layer is finally deposited over the bottom surface for 

insulation and it also acts as an anti-reflective coating that improves the IR 

temperature measurement sensitivity. Two contact pads at the ends of the heaters are 

left bare in order to apply the voltage. 

 

 
A) 500 μm silicon wafer with 1.1 μm SiO2 coating 
B) 0.2 μm platinum resistance heater # 1 
C) 0.2 μm platinum resistance heater # 2 
D) Heater contact pads for electrical power supply (no SiO2 coating) 
E) Platinum centering markers 
 

Figure 3.2: Silicon wafer structure 

The thickness of the platinum layer is based on Ref. [95], where platinum 0.15 

μm thick on silicon is used as the heater material for high heat flux micro-heaters. The 

heater film thickness for the present study was set to 0.2 μm.  

Overall normal spectral reflectance calculations for different anti-reflective 

coatings on silicon in air have been carried out in Ref. [86]. Values were calculated for 

the range of IR wavelengths corresponding to the IR system used in the present study 

([3.5 – 4.1] μm and [4.5 – 5.1] μm). The optimal coating thickness was based on 

minimization of the overall reflectance in the IR camera detector bandwidth. For a 

SiO2 coating, the optimal layer thickness resulting in the lowest reflectance values 
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(~5-12%, 7% in average) was found to be 1.1 μm. The reason for the need of an anti-

reflective coating will be illustrated later in Chapter 4.  

Three types of heater disks were fabricated with distinct top surface finishing. 

Photographs and environmental scanning electron microscope (ESEM) images of the 

surfaces are shown in Fig. 3.3. The different types include: polished silicon, nano- 

 

a) b) c) 

   
d) e) f) 

   
g) h) 

 
 
Figure 3.3: Photographs and ESEM images of the different test surfaces; 
photographs: a) polished silicon, b) nano-structured silicon, c) gold coated 
silicon; ESEM images: d) polished silicon, e) nano-structured silicon, f) gold 
coated silicon, g) 3D nano-structured silicon surface profile h) specific nano-
structured silicon surface profile corresponding to image g)  



 
 
 
  35 

structured silicon, and gold coated silicon. The first two surfaces are used for the 

actual study of surface structure effects on droplet impingement heat transfer. Both are 

partially IR transparent and the near surface droplet fluid temperature is measured. 

The gold coated sample is IR opaque and therefore is used to determine the substrate 

top surface temperature distribution.  

The nano-structured surface was fabricated by WTC using the technique 

described by Gauthier-Manuel and Pichonat [84]. Surface features are on the order of 

100 – 1000 nm in diameter and cavity depths are on the order of 100 nm. Calculations 

upon the range of size of active nucleation sites as a function of the wall superheat 

were performed according to two different sources. In Ref. [87], the minimum active 

cavity mouth radius is expressed as 

 ,min
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where the liquid pressure pl inside the droplet is determined from 
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From this, the minimum cavity radius ranges from 0.36 – 3.27 μm for wall excess 

temperatures from 90 – 10 K, respectively. Ref. [88] defines the range of active 

nucleation sites that can trigger bubble growth as 
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where the constants C1 and C2 are expressed as 

 1 1 cosC γ= +  (3.4a) 

 2 sinC γ=  (3.4b) 

Since the thermal boundary layer thickness δth, bubble contact angle γ, and subcooling 

temperature Tsub are not known, those values were treated as parameters and altered in 

order to get an estimate of the overall range of active cavity size. Results are shown in 
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Fig. 3.4: The overall upper and lower limits (max. / min. values) from the parametric 

study for the minimum and maximum active cavity diameter, dc,min and dc,max, are 

plotted as a function of the wall superheat. These limits represent the maximum and 

minimum boundaries of the collective influence of simultaneously altered parameters. 

The minimum active cavity diameter ranges from 0.17 – 1.58 μm for wall excess 

temperatures from 90-10 °K, respectively. The results from both calculations indicate 

that the nano-structure feature dimensions as found in the present study are at or below 

the predicted limiting values. The depth profile in Fig. 3.3h also indicates that the 

cavities are non-reentrant. Hence, little benefit is expected from the structures in 

enhancing boiling heat transfer. Wetting characteristics are therefore of interest in this 

study.  
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Figure 3.4: Overall upper and lower limits determined in the parametric study 
for the minimum and maximum active cavity diameter, dc,min and dc,max, as a 
function of wall superheat, ΔTw

The gold coated silicon disk was obtained by sputtering a 60 nm thick gold 

film onto the test surface. The circle-shaped gold layer is 10 mm in diameter and is 

centered on the test sample. The film thickness was estimated based on the net IR 

radiation attenuation through gold and is given by Bouger’s law [89] as 
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assuming a constant extinction coefficient along the optical path length. The radiation 

emitted by the droplet needs to be absorbed by the gold film in order to measure the 

surface temperature. Values for the extinction coefficient cext,λ,Au for thin gold films in 

the range of wavelengths corresponding to the IR camera bandwidth have been found 

in [90] and are shown in Fig. 3.5a. In order to verify that data, extinction coefficients 

from another source [89] are also plotted on the same graph and the data seems to be 

in good agreement when fitted with a linear curve. Values for the gold layer thickness 

calculated using Eq. 3.5 are shown in Fig. 3.5b. Results indicate that a gold film 

thickness of 60 nm absorbs in excess of 99% of the radiation emitted by the liquid 

droplet. It should be noted that the extinction coefficients in Fig. 3.5a are valid for a 

gold layer thickness of about 41.5 nm and for room temperature conditions. Extinction 

coefficients for gold films increase with film thickness (lower transmittance) and 

temperature. Therefore it is safe to use the above values. Comparing the nano-

structure feature dimensions and the gold film thickness, it is obvious that coating the 

textured sample would considerably change the effects of surface structure 

morphology. Therefore, wall temperature measurements of the nano-structured surface 

disks were not feasible.  

 

3.2 Test fluids 

Deionized and distilled water as the reference case and a CNT nanofluid were 

used as test fluids. The nanofluid is a water-based suspension with dispersed single-

walled CNTs (Unidym research grade, purified HIPCO® single-wall CNTs, Unidym 

Inc., Menlo Park, CA, USA). These CNTs have been produced based on High 

Pressure Carbon Monoxide (HIPCO®) processing. Individual CNT diameters range 

from about 0.5 – 10 nm and their lengths are typically about 100-2000 nm. CNTs form 

high thermal conductivity ropes and networks within the fluid and thus could  
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Figure 3.5: Gold film thickness calculations: a) gold spectral extinction 
coefficient, cext,λ,Au, as a function of wavelength, λ; b) spectral gold film 
thickness, sλ.Au, as a function of wavelength, λ, for different radiation 
attenuation levels 
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potentially enhance the effective thermal properties of the liquid. The thermal 

conductivity of the CNTs itself can be as high as 3000 W/mK along their axes. Since 

CNTs are not stable in water, Gum Arabic (GA) was applied as dispersant [91].  

The nanofluid was produced in a clean room based on the procedure in Ref. 

[91]. The concentrations of GA and CNTs in pure water were 0.5% by weight and 

0.2% by weight, respectively. The mixture was ultrasonicated for 3 hours to disperse 

the nanotubes and to obtain a stable nanofluid suspension. The nanofluid was again 

ultrasonicated for 3 hours just before the experiments. After each test day of using the 

nanofluid, the liquid reservoir, liquid delivery system, and droplet generator were 

extensively flushed and cleaned with distilled water. Measured water and nanofluid 

properties at room temperature obtained from Ref. [85] are summarized in Table 3.1. 

 

Table 3.1: Fluid properties at room temperature [85] 
 

 % Particles Base fluid % Dispersant ρ  
(kg/m3) 

σ x 103 
(N/m) 

μ x 106 
(Pa·s) 

Water – – – 991.0 70.52 874 

Nanofluid 0.2 wt a) CNTs H2O 0.5 wt GA b) 996.8 72.69 – 
a) % by weight 
b) Gum Arabic 

 

3.3 Droplet generator 

The droplet generator as shown in Fig. 3.6 consists of a stainless steel cylinder that 

forms a fluid chamber which is continuously refilled with fluid from the reservoir 

through the refill port. The reservoir is slightly elevated relative to the droplet 

generator in order to ensure continuous fluid supply. A piezoelectric oscillator disk at 

the upper end of the fluid chamber is used to induce pressure and force the fluid 

through the nozzle. This occurs by applying a specific waveform to the piezoelectric 

element. The nozzle employed in this study is a 0.5 mm thick, rigid stainless steel 
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plate with a 0.6 mm diameter orifice in its center. The fluid chamber volume can be 

altered by using different size inserts. A 1.59 mm diameter insert was used for the 

current experiments and the distance from the orifice to the impingement surface 

(impingement height) was held constant at 65 mm. More details are provided in Ref. 

[85].  

 

 
 

Figure 3.6: Schematic of the droplet generator 

 

3.4 Manifold for test surfaces 

The silicon heater disks are secured in a manifold that is mounted on a test 

stand between IR camera and droplet generator. The manifold consists of two parts, 

between which the test surfaces are held, as illustrated in Fig. 3.7. Alignment dowel 

pins, thread inserts and pogo pins are fitted into the bottom part. The silicon disks are 

positioned by the dowel pins and secured by the manifold top part which is bolted 

together with the bottom piece. The silicon disks thereby push down the pogo pins that 

provide electrical contact with the platinum resistance heaters. Spacer disks slightly 

thicker than the test samples are employed to ensure that the top part does not directly 

clamp onto the fragile silicon. A wide slot is machined into the manifold top part to 

expose the test surfaces for droplet impingement and HSHR imaging. Two fiber optic  
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A) Manifold top part 
B) Manifold bottom part 
C) Silicon test surface, Ø 38.1 x 0.5 mm, WTC 
D) Pogo pins, Ø 1.02 x 16.64 mm, Everett C. Technologies 
E) Spacer disks (2x), Ø 8 x 4 x 0.3 mm, McMaster-Carr 
F) Dowel pins, Ø 3 x 12 mm, McMaster-Carr 
G) Thread inserts, M4-0.7 x 8 mm, MSC industrial supply 
H) M2 thread inserts 
 

Figure 3.7: Detail of the impingement test surface manifold 

probes for the HSHR camera back lighting are inserted into small channels pointing to 

the manifold center at angles of ± 8 ° relative to the manifold axis.  

Perpendicular to each pogo pin, a M2 thread insert is fitted into the manifold 

bottom part. M2 socket cap screws secure the pogo pins and provide electrical contact. 

The M2 screws also serve as electrical terminals for the connection of the manifold to 

the heating circuit. Insulated cable sockets are attached and wired to the power supply, 

as shown in Fig. 3.8. A hole of 8.5 mm diameter is drilled through the manifold 

bottom part for the IR imaging and the underneath surface is provided with radiation 

shields (Inconel foil, 254 μm).  
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A) M2 thread inserts used as electrical terminals 
B) Wiring to power supply for disk heating 
 

Figure 3.8: Interface between manifold and heating circuit 

The entire manifold is fabricated from Polyetheretherketone (PEEK) to provide 

electrical insulation between the heaters, pogo pins and ports. PEEK features a high 

continuous use temperature limit and is therefore adequate for the current experiments. 

 

3.5 IR camera specifications 

An AVIO TVS-8502 high speed IR camera was used for the temperature 

measurements. The detector is a 256 x 256 pixel Indium-Antimonide Focal Plane 

Array (InSb FPA) that is cooled by a Stirling cooler and senses IR radiation in the 

bandwidths of [3.5 – 4.1] μm and [4.5 – 5.1] μm. The detector array temperature 

resolution is 0.025 °C and its temperature measurement range is -40 – 900 °C. The 

camera features a real time recorder with up to 1023 frames at maximum 120 fps. Data 

recorded to the camera buffer memory can be exported to a personal computer via an 

IEEE 1394 interface using TVS software. The camera is used in conjunction with an 

AVIO TVL-8510U microscopic lens having a nominal spatial resolution of 10 μm. 

The focus distance of the lens is 27 mm and it is suited for a measurement range of 20 

– 300 °C. A single IR frame data file contains 256 x 236 IR intensity values, which 

corresponds to a field of view of 2.56 x 2.36 mm. 

The image resolution has been verified by capturing images of an optical grid 

that contains a total of 40 dark lines painted on a transparent foil. The grid spacing is 
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250 μm. A raw and binarized (edge detection) IR image of the grid are shown in Fig. 

3.9. Using MATLAB® image processing, the resolution has been computed by first 

determining the average grid spacing in pixels in the binarized IR image for vertical 

and horizontal grid orientation. The resolution is then equal to the ratio of the actual 

grid spacing (μm) to the average IR image grid spacing (pixels). From this, the IR 

image average resolution was found to be 9.81 ± 0.1 μm, which is within 2% of the 

nominal value.  

 

a) b) 

  
 
Figure 3.9: IR images of the optical grid: a) raw image, b) binarized (edge 
detection) image 

The IR camera was triggered simultaneously with the HSHR camera by an 

electrical pulse from the waveform generator. A schematic of the external trigger 

terminal of the IR camera is shown in Fig. 3.10. The trigger signal is applied to 

terminal one (+). The maximum voltage, maximum current, and minimum pulse 

duration of the photo-coupler are 6 V, 50 mA, and 100 μs, respectively. The actual 

applied pulse voltage was 2.5 V and the pulse duration was 2 ms. A 150 Ω resistor 

was connected in series in order to limit the current. 
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Figure 3.10: Schematic of the external trigger terminal of the IR camera 

3.5.1 IR imaging software 

Two different software packages were employed for the IR data acquisition 

and basic analysis. As the data acquisition software, the program TVS VIEWER 

Version 2.0.0.8 was used that is provided with the IR camera. With this software, IR 

data recorded to the camera buffer memory were forwarded to a personal computer 

and converted to a different file type for further processing.  

PE Professional Version 3.11 software from GORATEC Technology GmbH 

was utilized for basic IR data analysis, such as determination of data usability or 

evaluation of the evaporation time. This program features fundamental single IR 

image processing, temperature determination and tagging, and image conversion to 

graphic or movie files. Since multiple and more specific image processing was 

needed, MATLAB® codes were used to obtain final temperature data and images. 

 

3.6 Test setup assembly 

Figure 3.11 illustrates the IR camera and manifold assembly. One square inch 

aluminum extrusions are bolted onto the experimental platform, holding up an angle 

bracket on which the IR camera is attached. The IR camera was provided with a 

mounting plate that can be screwed onto the camera’s bottom side. Note that the IR 

camera stand does not allow for any positioning.  
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A) IR imaging system 
B) Manifold with holder 
C) Test stand basic stage 
D) Fine positioning system for IR camera focusing 
E) Angle bracket, 164 x 160 x 145 mm, Newport Corp. 
F) Aluminum extrusions, 1 inch square, McMaster-Carr 
G) Mini optical rail, 300 mm, Newport Corp. 
H) Rail carrier, Newport Corp. 
I) Mini optical rail, 75 mm, Newport Corp. 
J) Rail carrier, Newport Corp. 
 

Figure 3.11: IR camera and manifold assembly 

The test stand includes a basic stage and a micro-positioning system with 

attached aluminum plate. A rail is bolted to the aluminum plate and serves for the 

mounting and individual z-direction positioning of the manifold and droplet generator 

(not shown). The manifold holder was designed to allow for 3D adjustment and 2D 

leveling of the manifold. This is needed for the centering to the IR camera (x- and y-

adjustments), the rough camera focusing (z-adjustment), and surface leveling (x- and 

y-rotation). Rotation around the z-axis is not necessary. The manifold holder therefore 

consists of a vertical and horizontal rail-carrier system for x- and z-direction 

adjustments, and two clamps, one for the x-leveling, and one for the y-leveling and y-
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adjustment. The fine focusing of the IR camera is realized through the test stage 

micro-positioning system. 

The HSHR camera is attached to an x/y fine translation system on top of a 

laboratory scissor jack for the height adjustment. The droplet generator is mounted on 

the same vertical rail as the manifold and can be moved in all directions in order to 

ensure that the droplets impact the test surface and IR camera field of view center, and 

to adjust the impingement height. The fluid reservoir is secured on a stand and can be 

moved in the vertical direction in order to adjust the fluid level for the droplet 

generation. 

 

3.7 Surface heating module 

A Tektronix PS2520G programmable power supply with two 0-36 V / 0-1.5 A 

outputs was used to apply electrical power to the platinum resistance heaters. Each of 

the two heaters was supplied individually with a controlled, steady power in order to 

achieve nearly uniform heat flux across the disk. The surface heating was controlled 

by the supplied power since no direct surface temperature measurement was available. 

Typically for dropwise cooling experiments, the surface temperature prior to droplet 

impact is reported and treated as an independent variable or test condition. The pre-

impact surface temperature in the current study was estimated using the IR 

temperature data from the opaque test samples (gold coated silicon surfaces). Thereby 

it was assumed that the relation between applied electrical power and pre-impact 

surface temperature is the same for all heater disks and experiments, i.e. that a certain 

power always leads to the same pre-impact wall temperature. This requires (nearly) 

identical platinum resistance heater characteristics and dimensions for all disks, which 

was assumed to be valid.  

A routine written in LabVIEW™ was employed for the surface heating 

control. Voltage, current, and power applied to each heater are displayed on the front 

panel and can be acquired and written to a data file. The desired total surface power 
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input that results in different test conditions can be specified. From this, the required 

power input for the individual heaters is calculated based on the ratio of single heater 

to total heater surface area, which results in equal heater heat fluxes, Eq. 3.6. 

 ,
i

req i tot
tot

AP
A

P= ⋅  (3.6) 

The subscript ‘i’ stands for either heater # 1 or # 2 and the total heater surface area Atot 

is the sum of the individual heater surface areas A1 and A2. The voltage of both power 

supply outputs is increased manually until the acquired power meets the required 

value, as explained in Fig. 3.12.  

 

 
 

Figure 3.12: Concept of the surface heating control 

The disk heating circuit and DAQ system is the same for both the inner and 

outer heater and is illustrated in Fig. 3.13. The resistors Ri1 to Ri3 are assembled on a 

circuit board. The manifold electrical resistance RM,i includes the M2 thread inserts 

and bolts, and the pogo pins. A voltage divider (~1:3) including the resistors Ri2 and 

Ri3 is employed because of the 10 V voltage limitation of the DAQ system. High-

impedance resistors were chosen to minimize the current ii2 in the measurement path. 

For each heater, the voltages Vi1 and Vi3 are measured using NI data acquisition 

devices (see Fig. 3.13) and a personal computer. From that, neglecting wiring losses, 

the total voltage Vtot,i, heater voltage VH,i, heater current ii1, and actual heater power 

Pact,i are determined as follows: 

 2 3
,

3

i i
tot i i

i

R RV
R 3V+

= ⋅  (3.7) 
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(Heating circuit electronic components: Digi-Key Corp.) 
 

Figure 3.13: Surface heating circuit and DAQ system 

 

 , , 1 ,H i tot i i M i iV V V R i 1= − − ⋅  (3.8) 

 1
1

1

i
i

i

Vi
R

=  (3.9) 

 , ,act i H i iP V 1i= ⋅  (3.10) 

 

The acquired and computed values as displayed in the LabVIEW™ front panel 

have been verified over the range corresponding to the actual experiments by 

comparison to measurements using a Tektronix DMM252 digital multimeter (DC 

voltage accuracy 0.1%). Thus, gross errors due to false heating circuit set up and 

incorrect LabVIEW™ routine were avoided. The power input uncertainty was 
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estimated from the measurement bias and precision error root sum square (RSS) using 

the Kline-McClintock error propagation method. The bias error is based on the DAQ 

card absolute accuracy and sensitivity RSS as well as the resistor uncertainties. The 

precision error includes the standard deviation of the acquired data. The uncertainty 

for the total power input was found to be about 3 – 3.5% for the range of power inputs 

used in the present work. Since the bias error can be assumed to be identical for all test 

runs, i.e. same DAQ system and heating module, and since the importance of the 

actual value of the supplied power is inferior to that of the consistency of the heating, 

the power input uncertainty is rather determined from the measurement deviation to 

the nominal value in this case. Hence, a more adequate value for the power input 

uncertainty was estimated from the RSS of the difference between required (nominal) 

power and average applied power, and the precision error of the applied power mean, 

Eq. 3.11. 

 ( ) ( ) 2
2 ,

, , , 95,
act i

i power req i act i
std P

u P P t
n

∞
⎛ ⎞

= − + ⋅⎜
⎝ ⎠

⎟  (3.11) 

Power uncertainties have been computed for each test run for individual as 

well as total heater power input. All the obtained uncertainty values, i.e. for different 

repetitions, test conditions, and individual and total heater power, are similar. The 

average uncertainty for the total power input is about 0.2%. 

 

3.8 Experimental procedure and conditions 

The variables in the current experiment were the test fluid (2 types), the test 

surface (3 types), and the pre-impact surface temperature conditions for single-phase 

evaporation and boiling (3 temperature conditions in each case). The following tests 

have been carried out: (1) water droplets impinging on polished silicon, 6 temperature 

conditions, (2) water droplets impinging on nano-structured silicon, 6 temperature 

conditions, (3) water droplets impinging on gold coated silicon, 6 temperature 
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conditions, (4) nanofluid droplets impinging on polished silicon, 3 (non-boiling) 

temperature conditions, (5) nanofluid droplets impinging on gold coated silicon, 3 

(non-boiling) temperature conditions. Phase-change dropwise cooling with the 

nanofluid was not investigated due to the overall inferior cooling performance of 

nanofluid boiling reported in the literature. As discussed in section 3.1, the nano-

structured surface temperature response was not determined since coating gold over 

the nano-structure would render the structure ineffective. Nanofluid droplets 

impinging on the textured surface have not been studied. Instead, the focus of the 

experiments was on the individual effects of nanofluid and nano-enhanced surface on 

the droplet impingement heat transfer.  

Before testing or calibration, the cameras, the manifold and the droplet 

generator were leveled and aligned. The cameras were focused and the fiber optic 

probes for the HSHR camera backlighting were adjusted. By adjusting the fluid 

reservoir height and droplet generator signal amplification, reproducible droplets were 

obtained. When used, the nanofluid was ultrasonicated for 3 hours before each test 

day. Cameras and DAQ system settings were adjusted and the surface heating system 

was started up and tuned to the required power input.  

After reaching steady temperature conditions, the waveform generator was 

engaged and the droplet impingement and evaporation process recorded. Image data 

were immediately transferred and stored. In addition, heating power input, room 

temperature, atmospheric pressure, framing rate of the cameras, and date and time of 

the test were acquired or logged. The impingement surface was cleaned before each 

test run using successively a lint-free tissue wrapped foam swab with isopropyl 

alcohol, distilled and deionized water, and dry swab. After using the nanofluid, the 

droplet generation and fluid delivery system were extensively cleaned with distilled 

and deionized water. 

Table 3.2 summarizes the test conditions as maintained in the experiments. 

Droplet pre-impact diameter and velocity were held constant. The discrepancy in 
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droplet size among the test fluids results from the effects of nano-particles on the 

droplet generation system and process and could not be eliminated. Six different 

heating levels resulting in single-phase and boiling conditions have been applied. The 

corresponding pre-impact surface temperatures have been determined from IR 

imaging data using the gold coated silicon disk. The pre-impact surface temperature is 

fairly uniform and the values are averages over the IR camera field of view. It should 

be noted that the nanofluid was employed under single-phase conditions only. Onset 

of boiling was observed at a heating power input of about 4.5 W. For power levels 

around 6.0W, violent droplet explosions were observed indicating onset of transition 

boiling. The current experiments have been restricted to the nucleate boiling regime in 

order to examine effects of surface enhancement on nucleation and wetting behavior. 

Also, the droplet break-up precludes proper process imaging and determination of the 

evaporation time. The IR camera framing rate was varied from 10 fps to 120 fps 

depending on the duration of the droplet evaporation process. 

 

Table 3.2: Experimental conditions 
 

Fluid conditions  Surface conditions

Fluid do (mm) vo (m/s) Weo Reo  Ptot (W) Ts,o (C) 
 

Water 

Nanofluid 

1.29 ± 0.03 

1.18 ± 0.05 

1.18 ± 0.03 

1.20 ± 0.04 

25.2 

23.3 

1726 

1615 

 1.8 

3.1 

4.3 

   68.9 a)

   87.1 a)

  111.7 a)

        

      

5.1 

5.4 

5.7 

  146.1 b)

  153.4 b)

  185.0 b)

a) single-phase conditions 
b) boiling conditions 
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4 IR CAMERA CALIBRATION 

IR thermography temperature measurements are based on the intensity of IR 

radiation emitted by the measurement object in the bandwidth of the IR camera 

detector array. The detected radiation intensity values can be referred to temperature 

through an intensity-temperature conversion, i.e. a calibration curve. The detector 

array senses the radiant energy flux from the desired source, but also that of other 

sources of thermal radiation. This makes the IR camera calibration a challenging task. 

In order to minimize the temperature IR measurement uncertainty, it is important to 

analyze and understand the contributions of the various sources to the net detected 

radiant energy flux. This chapter provides the background for such proper temperature 

determination using IR thermography technique for the IR transparent (section 4.1) 

and opaque (section 4.2) surfaces.  

 

4.1 IR transparent test surfaces 

The polished and nano-structured silicon test samples are (partially) IR 

transparent. For a constant absorption coefficient throughout the silicon substrate, the 

transmittance of radiation through the radiation path length of 500 μm bulk silicon 

(top to bottom interface of the disk) is estimated from 

 , ,exp( )Si Si Sia sλ λτ = − ⋅  (4.1) 

Assuming a uniform absorption coefficient is reasonable since the temperature 

variations through the wafer are negligible due to the small thickness and high thermal 

conductivity of the substrate. Using the bulk absorption coefficient of silicon of 4.2 x 

10-4 cm-1 at a wavelength of 3.8 μm [92], the transmittance of radiation within the 

silicon is essentially unity. Due to the scarcity of data on silicon optical properties in 

the IR detector bandwidth, the absorption coefficient used above is assumed to be 

representative for all detector wavelengths [92]. Note that the transmittance through 
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500 μm silicon is essentially unity for absorption coefficients up to the order of 10-1 

cm-1.  

 

4.1.1 Thermal radiation sources analysis 

Figure 4.1 illustrates the different thermal radiation sources that are detected 

by the IR camera for the current setup. The IR detector is focused on the liquid of the 

droplet at the solid-liquid interface. It should be noted that this analysis is restricted to 

the regions of the camera field of view where fluid (droplet) is present. The IR data 

corresponding to regions or times where there is no fluid on the transparent surface are 

treated as noise and cannot be used for fluid temperature determination.  

 

 
 

Figure 4.1: Thermal radiation sources 

The main radiant energy fluxes emitted by the various sources are: (1) 

Radiation emitted by the near wall droplet fluid through the silicon substrate, el. This 

is the desired contribution for the temperature determination. (2) Radiation emitted by 

the bulk silicon wafer by virtue of its elevated temperature, eSi. (3) Radiation emitted 

by the manifold due to its elevated temperature, eM. (4) Net reflected radiation that is 
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incident upon the silicon substrate bottom side (i.e. reflectance at the silicon-air 

interface and the silicon-fluid interface) from the detector, er,net,det. (5) Net reflected 

radiation that is incident upon the silicon substrate bottom side from the manifold, 

er,net,M . 

Further sources include the following: (6) Net unfocused radiation from the 

background above the test surface, ebg , which includes radiation from the manifold top 

part and the droplet generator by virtue of their increased temperature. (7) Net 

unfocused stray radiation from the camera surroundings, estray,sur. (8) Net unfocused 

stray radiation incident on the detector array from the camera and lens walls due to 

variations in the ambient temperature, estray,cam. Based on the above, the net energy 

flux radiated to the detector is expressed as 

  (4.2) , ,det , , , ,net l Si M r net r net M bg stray sur stray came e e e e e e e e= + + + + + + +

It is desirable to maximize the contribution of the first term in Eq. 4.2 (signal) 

and mitigate all the others (noise). The radiation intensity actually sensed by an 

individual pixel within the detector array further depends on the pixel location and the 

attenuation of radiation due to participating media (air, CO2, water vapor) between 

source and sensor. The sensed radiant energy flux is expressed as 

 , ,net sense ij ij ambient nete C T e= ⋅ ⋅  (4.3) 

Measured intensity values vary among pixels and deviate from the net emitted 

radiation enet by the pixel-specific calibration factor Cij. The calibration factor accounts 

for (a) variations in the configuration factor between the radiation source physical area 

and the detector array, (b) variations in the type of irradiation from the different 

sources (e.g. diffuse, normal, specular), (c) noise from the camera optics, and (d) 

electronic noise of the camera system [92]. 

The first term in Eq. 4.2, el, can be written as a function of the radiation 

emitted by the near-wall liquid and the net transmittance of radiation through the 

silicon wafer accounting for multiple reflections, i.e. at the silicon-liquid interface on 
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which radiation is incident, and at the silicon-air interface through which radiation 

leaves the substrate. 

 4
l l Si le T Tε σ=  (4.4) 

Since it was shown that the bulk silicon transmittance is essentially unity, the 

absorbance, and thus the emittance of the silicon disk is equal to zero and the second 

term in Eq. 4.2, eSi, can be neglected. The contribution of the fourth term, er,net,det, is 

very small since the detector array is cryogenically cooled to a temperature of 77 K. In 

addition, an anti-reflective coating has been applied on the bottom side of the silicon 

disks.  

The background radiosity, ebg, is assumed to be small and it is (partially) 

absorbed by the droplet. Spectral absorption coefficients [93] for water at 27 °C and 

spectral water film thicknesses for several intensity attenuation levels of radiation 

incident upon the water film are shown in Fig. 4.2a. Bouger’s law [89] was applied to 

determine the thickness of the absorbing medium as a function of the net radiation 

attenuation, Eq. 4.5. 

 ,
,

( ) 1ln
(0)water

water

I ss
I a
λ

λ
λ λ

⎛ ⎞
= − ⋅⎜ ⎟

⎝ ⎠
 (4.5) 

The Planck mean absorption coefficient corresponding to the two bandwidths of the 

IR detector was used to estimate spectral average water film thicknesses. The Planck 

mean absorption coefficient is given as 
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 (4.6) 

and its value is 323.8 cm-1 in this case (T = 27 °C). Figure 4.2b shows the spectral 

average radiation attenuation through a water film as a function of the film thickness 

based on the mean absorption. For a 99% reduction in intensity, the required film 

thickness is about 142 μm. 
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Figure 4.2: Radiation intensity attenuation through a water film: a) spectral 
water absorption coefficient, aλ,water, and required film thickness, sλ,water, for 
different attenuation levels as a function of wavelength, λ; b) spectral average 
intensity attenuation, 1-I(s)/I(0), as a function of water film thickness, swater
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Absorption of radiation incident from the top within water droplets of different 

geometries was simulated in 1-D using Eq. 4.5 and results are presented in Fig. 4.3. 

The droplet geometries are based on observations made during the actual experiments 

and correspond to different stages of the evaporation process. The droplet pre-impact 

diameter was taken to be 1.29 mm, and the contact angle was reduced from 60 to 10 

degrees, similar to droplet evaporation. The colors correspond to the spectral average 

intensity attenuation of normal radiation incident upon the droplet free surface. It is 

obvious that at early times, almost all the radiant energy flux is absorbed by the water. 

However, towards the end of the evaporation and at the contact line, the liquid film is 

very thin (i.e. < 142 μm, see Fig. 4.2b) and allows for partial radiation transmittance.  
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c) θ = 10 °, d = 2.07 mm, H = 0.091 mm d) θ = 10 °, d = 1.24 mm, H = 0.054 mm 
 
Figure 4.3: Radiation intensity attenuation through a water droplet: constant 
diameter, d = 2.07 mm: a) θ = 60 °, b) θ = 30 °, c) θ = 10 °; constant contact 
angle θ = 10 °: c) d = 2.07 mm, d) d = 1.24 mm 
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Because background radiation is absorbed by the droplet fluid for most of the 

evaporation process and over most of the droplet solid-liquid interface, and since the 

radiant energy flux emitted by the background is much lower than that emitted by the 

liquid, the sensed background radiation contribution is not significant. However, it 

might affect the evaluation of the fluid contact line region temperature. It should be 

noted that the calibration of the IR camera did not account for this error.  

Stray radiation from the camera and lens walls due to variations in the ambient 

temperature, the last term in Eq. 4.2, estray,cam, was minimized by a careful camera 

design and separate calibration of each lens used with the camera by the manufacturer. 

Hence, this term is neglected. Further, radiation attenuation due to participating media 

is insignificant because the distance between the test samples and the IR camera optics 

is small (≈ 27 mm) and the transmittance through the ambient is essentially unity. 

Additionally, the camera optics is equipped with narrow band stop filters located in 

front of the detector array that considerably attenuate CO2 and water vapor emissions. 

Based on the foregoing analysis of radiation sources, Eqs. 4.2 and 4.3 can be 

simplified as 

 , , ,net l M r net M stray sure e e e e= + + +  (4.7) 

 , ,( , )net sense i j nete i j C e= ⋅  (4.8) 

The remaining fluxes, except that from the liquid, were mitigated by attaching 

radiation shields (highly reflective Inconel foil) on the manifold and around the 

camera lens, as illustrated in Fig. 4.4. In addition, the anti-reflective coating minimizes 

the net reflections of radiation from the manifold incident on the silicon disk and also 

increases the net silicon transmittance close to unity which enhances the contribution 

of the liquid emitted energy flux (signal). The stray radiant fluxes from the 

surroundings are low due to very small configuration factors to the detector array area. 
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Figure 4.4: Manifold and camera lens shielding 

 

These experimental precautions ensure the droplet fluid to be the only 

significant source of radiation. From Eqs. 4.4, 4.7, and 4.8, the liquid temperature can 

be estimated from 
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C Tσ ε
⎛ ⎞
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⎟  (4.9) 

Although the overall radiation noise has been minimized, uncertainty in the 

temperature values will exist when using Eq. 4.9 because of the assumptions made in 

this analysis and due to uncertainties in the sensed intensity, the fluid and silicon 

radiation properties, and the calibration factor. In addition, the actual value of the 

overall radiation noise is unknown and might still be significant. Hence, an in-situ 

calibration was performed described in the following section.  

 

4.1.2 Calibration procedure 

The IR camera has been calibrated in-situ for each surface using two 

OMEGA® insulated T-type thermocouples with 0.13 mm junction diameter (5SRTC-

TT-T-36-36) for the reference measurements. The thermocouples itself were 
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calibrated against a NIST RTD standard. Care was taken that the experimental setup 

and camera surroundings as well as environmental conditions during the camera 

calibration were identical to the conditions during the actual experiments. Thus, the 

calibration accounts for all of the noise terms described earlier except for the 

background radiant energy flux. 

Figure 4.5 illustrates the calibration concept for IR transparent surfaces 

calibration: An additional part was fabricated that is located on top of the manifold 

during the IR camera calibration. A silicone rubber gasket coated with a thin film of 

silicone grease seals against the silicon disk so that the parts form a small enclosure. 

Low-viscosity silicone oil (SIL 180, Thermo Fisher Scientific Inc.) was used for the 

calibration. Using water limits the calibration temperature to about 90 °C because of 

bubble formation. Since higher fluid temperatures are expected and extrapolation of 

the calibration curve could lead to very high uncertainties, the silicone oil was  

 

 
A) Manifold 
B) Calibration module 
C) Calibration fluid pool 
D) Screws for lowering the calibration part 
E) Silicone rubber gasket, 1/16 ", McMaster-Carr 
F) Silicon wafer 

 

Figure 4.5: IR transparent test surfaces calibration assembly 
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employed. This induces an error because of the different emissivity of the calibration 

fluid and the test fluid, addressed in detail in Chapter 5. The thermocouples were 

placed in the fluid pool close to the test surface and arranged just outside the camera 

field of view to ensure that thermocouple and camera measurements are restricted to a 

narrow region. The fluid bath was stirred to allow for proper fluid mixing in order to 

achieve uniform fluid temperature. The bath depth was about 10 mm.  

Each test surface has been calibrated for detected IR camera intensities at 

different fluid temperature levels from room temperature up to about 132 °C, 

including the same heating conditions as for the actual experiments. After reaching 

steady state conditions, IR and thermocouple data (100 frames at 120 fps, and 167 

readings at 200 Hz, respectively) were simultaneously acquired using NI DAQ devices 

in conjunction with LabVIEW™ for the thermocouple measurements (NI SCXI-1303 

isothermal terminal block, NI SCXI-1102 thermocouple amplifier, NI SCXI-1000 

front panel, NI PCI 6220 DAQ card). For each IR detector pixel, the reference 

temperature was plotted as a function of the corresponding IR intensity value and the 

data points were curve-fit to obtain the calibration function. For each of the used test 

samples, an individual calibration was carried out to account for differences in the 

surface characteristics. 

 

4.1.3 Detected fluid temperature 

Since the test fluids transmit IR radiation within a narrow region, the sensed 

droplet radiation originates not solely from the liquid directly at the surface, but also 

from fluid layers at some distance off the surface inside the droplet. The measured 

fluid temperature is therefore an in-depth average of liquid near the wall, referred to as 

the near surface fluid temperature or simply fluid temperature. Because of the steep 

fluid temperature gradient at the wall and the exponential decay of fluid radiation 

intensity with distance from the surface, a significant fraction of the droplet radiant 

energy is expected to originate from a region of a few microns thick [92]. 
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Since the exact value of the near wall region thickness is not known, it is 

unclear how this spatial fluid radiation emission influences the temperature 

measurements. It could be expected that temperature values near the end of the 

evaporation process and in the vicinity of the contact line are underestimated because 

the droplet is very thin and therefore emits less radiant energy. This was not accounted 

for in the calibration of the IR camera. However, if the fluid radiation emission is 

restricted to a region of a few microns thick, the effects are negligible. 

 

4.2 IR opaque test surfaces 

The gold coated test samples are IR opaque and absorb IR radiation emitted by 

the droplet and the background in the bandwidths of the detector. The analysis on 

radiation sources presented in the last section is valid also for the opaque surfaces if 

the fluid radiant energy flux is replaced by that of the gold and the contribution of the 

background radiation is set to zero. In addition, the silicon-fluid interface does not 

exist in this case and is substituted with the silicon-gold interface.  

In-situ calibration of the gold coated surfaces with the IR camera was carried 

out using the same thermocouples as before. The thermocouples were in direct contact 

with the surface and covered with a thin layer of liquid Gallium-Tin alloy (GaSn alloy, 

92% / 8%) to lower the thermal contact resistance for the surface temperature 

reference measurements. The IR camera was calibrated at different wall temperature 

levels from room temperature up to about 185 °C, encompassing the same heating 

conditions as for the actual experiments. Otherwise, the calibration procedure was the 

same as for the non-gold samples.  
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5 CALIBRATION IR DATA REDUCTION AND ANALYSIS 

The reduction of the data obtained during the IR camera calibration involves 

the following steps: (1) Reduction and analysis of the thermocouple reference 

temperature data, (2) Calibration IR data curve fitting analysis, and (3) Temperature 

uncertainty calculations. With the calibration data evaluated, experimental data can be 

processed to obtain fluid and surface temperature response during droplet 

impingement, explained in the next chapter.  

 

5.1 IR imaging data management 

During the IR calibration, 100 frames are sampled at 120 fps at each 

temperature level simultaneously with the thermocouple data acquisition. During the 

droplet impingement experiments, 1023 frames are recorded at various frame rates 

depending on the droplet evaporation time. Note that the frames recorded during 

calibration represent repetitions of the IR measurement under steady state conditions, 

while for the experiments they correspond to individual snapshots of the transient 

droplet impingement process and the total of frames is treated as one repetition.  

In either calibration or droplet impingement experiment, IR data are recorded 

to the camera internal buffer memory and then forwarded to a personal computer via 

the IEEE 1394 interface using the TVS VIEWER software, as mentioned earlier. All 

the frames are compressed within one file, which is of a type specific to the Thermal 

Video System (TVS) (file extension: *.tvs). This file is converted using TVS 

VIEWER in order to extract the individual frames that are of a binary infrared image 

file type (file extension: *.IRI). These infrared image files can be edited using the PE 

Professional IR thermography software. However, only limited single image 

processing is possible. Therefore, IR data reduction was performed using MATLAB® 

image processing routines. In order to avoid file confusion, all infrared image files 

were renamed and consecutively numbered within the same data series using the Bulk 
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Rename Utility software. For the further data reduction, the binary infrared image files 

needed to be converted to a data file format that is compatible with MATLAB®. This 

was accomplished using an IR image processing LabVIEW™ program developed by 

[94] that converts each IR image file to a LabVIEW™ measurement ASCII text data 

file (file extension: *.lvm). Each of the data files represents an individual IR 

measurement frame and contains 236 x 256 IR intensity values. This file type is 

readily handled by MATLAB® or even EXCEL®, and can be stored as a numerical 

array with 236 rows and 256 columns.  

 

5.2 Thermocouple data reduction and analysis 

During IR calibration, thermocouple (TC) readings are acquired at 200 Hz over 

the same time span as the IR camera measurement. This results in 167 samples of 

reference temperature at each heating level and for each thermocouple. The average 

and standard deviation of the individual readings of each probe as well as of the probe 

means has been determined for each temperature level. Typically for calibration, three 

series of 100 IR frames / 167 TC readings were recorded at one temperature level to 

assure repeatable and steady conditions. Analysis of the data showed that mean and 

standard deviation values of different data series are very similar. Only one data series 

per temperature level was eventually used for the calibration curve generation. Table 

5.1 gives a representative example of TC data obtained from the calibration of the 

polished silicon test sample. The data indicates that temperature fluctuations during 

calibration are small and that the fluid remained at fairly uniform temperature within 

the IR camera field of view. Standard deviations of the individual values as well as of 

the probe means are generally less than 0.1 °C. The overall mean TC temperature 

values of each temperature level serve as reference values for the calibration curve 

generation.  
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Table 5.1: Representative example of TC temperature data obtained during 
calibration of the polished silicon test sample 

 

 Thermocouple 1 Thermocouple 2 TC 1&2 average

Temp. 
Level 

Sample 
mean [C] 

Sample  
std [C] 

Sample 
mean [C] 

Sample  
std [C] 

Probes 
mean [C] 

Probes  
std [C] 

1 24.90 0.009 24.92 0.009 24.91 0.012 

2 40.00 0.015 40.00 0.015 40.00 0.001 

3 57.06 0.025 57.07 0.012 57.06 0.013 

4 69.11 0.016 69.10 0.015 69.10 0.008 

5 80.88 0.015 80.96 0.018 80.92 0.058 

6 93.70 0.026 93.71 0.023 93.70 0.009 

7 107.00 0.063 107.03 0.044 107.02 0.021 

8 121.45 0.024 121.36 0.036 121.41 0.064 

9 132.81 0.055 132.66 0.066 132.74 0.106 

Gray cells   Data used for calibration curve generation 

 

5.3 Calibration data curve fitting analysis 

It is necessary to generate a calibration curve for each pixel-equivalent location 

of the surface for the intensity to temperature value conversion. Generally, in order to 

generate the calibration curve for an individual pixel location, the reference 

temperature values, as shown in Table 5.1 for example, are plotted as a function of the 

corresponding radiation intensity values measured by a specific sensor pixel during the 

calibration. Each temperature-intensity pair of a certain temperature level forms a data 

point. For the conversion, it is necessary to find a curve fitting function that matches 

those data points and results in a low curve fit standard error. It is assumed that a 

specific curve fitting function is valid for all pixel locations.  

In a preliminary stage, numerous curve fitting functions were evaluated for 

several single pixel calibration data sets using commercial software packages like 

Excel®, STATGRAPHICS, and DPlot. Based on this, potential curve fitting functions 

for the current application were identified. Not only temperature versus intensity 
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functions, but also intensity versus temperature calibration curves were analyzed. The 

latter typically resulted in lower curve fit standard errors. However, since the radiation 

intensity values are known from the measurements, if the calibration curve is of the 

intensity versus temperature type, iteration is necessary to obtain the corresponding 

temperature values. The various functions considered for the calibration data curve 

fitting are summarized in Table 5.2.  

 

Table 5.2: Functions considered for the calibration data curve fitting 
 

Temperature as a function of intensity (standard calibration curve)

Function name Function equation Source 

3rd order polynomial 3 2T aI bI cI d= + + +   

4th order polynomial 4 3 2T aI bI cI dI e= + + + +   

Exponential function exp( ) exp( )T a b cI d eI= + +  DPlot 

Square root function ( ) ( )( )) 1 )T a b I c b I c= ⋅ + + +  DPlot 

Power function ( )cT a I b= +  DPlot 
 

Intensity as a function of temperature (inverted calibration curve)

Function name Function equation Source 

3rd order polynomial 3 2I aT bT cT d= + + +   

4th order polynomial 4 3 2I aT bT cT dT e= + + + +   

3rd order log. polynomial 3 2ln( )I aT bT cT d= + + +  DPlot 

4th order log. polynomial 4 3 2ln( )I aT bT cT dT e= + + + +  DPlot 

3rd order rec. polynomial 1 3 2I aT bT cT d− = + + +  DPlot 

4th order rec. polynomial 1 4 3 2I aT bT cT dT e− = + + + +  DPlot 

Exponential function exp( ) exp( )I a b cT d eT= + +  DPlot 
 
 

A MATLAB® program was developed for the purpose of the calibration data 

curve fitting analysis because commercial software does not handle large amounts of 

data. For each temperature level, the average intensity over the 100 acquired IR 

samples is computed for each pixel in order to obtain the 236 x 256 temperature-
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intensity calibration data sets. A total of 10 x 10 pixels uniformly distributed over the 

entire array have been selected and curve fitted in a least-square sense using the 

functions in Table 5.2. Some of the functions are very sensitive in terms of the initial 

values of the coefficients for the least-square algorithm and convergence problems 

occurred. Therefore, the routine includes the following features: (1) Scaling of the 

independent (x-axis) variable data according to 

 ( )( )
ˆ

( )
x mean x

x
std x
−

=  (5.1) 

(2) The initial values of the coefficients for the evaluation of the first pixel are 

obtained using DPlot. For the subsequent pixels, the computed coefficients of the last 

evaluated (neighboring) pixel are used as initial guesses. (3) The amount of calibration 

data points is reduced to the number of coefficients to be determined. This leads to a 

closed system of non-linear equations that is solved by means of an iterative 

MATLAB® algorithm. The ‘exact’ solution for the coefficients is then used as initial 

guess for the least-square curve fit involving all data points.  

As a measure of the curve fit quality, the temperature standard error of the 

curve fit is calculated for all evaluated pixels from the error sum-square (SSE). The 

standard error is expressed as 

 
( )2,k ref k

std
T T

err
df
−

= ∑  (5.2) 

where Tk is the temperature estimate at the temperature level k calculated from the 

curve fit equation, Tref,k is the TC reference temperature at the same level, and df are 

the degrees of freedom of the least-square curve fitting problem. The degrees of 

freedom equal to the difference between the number of measured data points and the 

number of coefficients of the specific function. For the inverted calibration curves, the 

temperature estimate is determined iteratively applying the secant method. Besides the 

standard error, the program computes the 95% confidence interval for the calibration 

curve based on a specific MATLAB® function.  
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Table 5.3: Mean standard errors of the evaluated calibration curves for the 
different curve fitting functions and test samples 

 
 

  Polished Structured Gold

 Function name    Conv. a) Error  
± std [C] 

Conv. Error  
± std [C] 

Conv. Error  
± std [C] 

3rd order polynomial Yes 1.87±0.3 Yes 2.26±0.3 Yes 2.19±0.7 

4th order polynomial Yes 1.31±0.4 Yes 1.07±0.2 Yes 1.18±0.8 

Exponential function No  –  No  –  No  –  

Square root function    Unstable b) 0.65±0.8 Unstable 0.54±0.3 No  –  

S
t

a
n

d
a

r
d

 

Power function Yes 0.76±0.4 Yes 1.05±0.2 Yes 6.54±1.0 

        

3rd order polynomial Yes 0.54±0.5 Yes 0.36±0.2 Yes   O(10) c)

4th order polynomial Yes 0.53±0.6 Yes 0.33±0.1 Yes O(10) 

3rd order log. polynomial Yes 0.48±0.5 Yes 0.65±0.3 Yes O(10) 

4th order log. polynomial Yes 0.59±0.8 Yes 0.36±0.3 Yes O(10) 

3rd order rec. polynomial Yes 0.79±0.7 Yes 0.55±0.4 Yes O(10) 

4th order rec. polynomial Unstable 0.60±0.6 Unstable 0.36±0.2 Unstable O(10) 

I
n

v
e

r
t

e
d

 

Exponential function No  –  No  –  No  –  

a) Convergence of the least-square algorithm  
b) No convergence for some pixels; high computation / iteration time 
c) Standard error is on the order of 10 °C, curve fit is not applicable 
 
Note: Standard deviations are reported based on the variance of curve fit errors over 100 pixel locations 

 

Analysis results for the calibration of all test samples are presented in Table 

5.3. The error values are averages over all the 100 evaluated pixels. Figure 5.1 shows 

examples of calibration curves of the nano-structured and gold coated silicon for 

different curve fitting functions. Calibration curves of the polished test surface behave 

similar to those of the nano-structured test sample. From Table 5.3, functions labeled 

as unstable are not considered because they led to inconsistent curve fitting and 

increased computational time. It is obvious that the inverted calibration curves 

generally demonstrate much lower curve fitting errors than the standard ones for the 

IR transparent surfaces. Among the standard calibration curves, the power function 

and the 4th order polynomial perform best for the transparent and opaque disks, 
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respectively. The inverted calibration curves resulted in very high errors for the 

opaque surfaces. It should be noted that the values in Table 5.3 might not be 

representative for the standard error of the entire IR intensity array (only 100 out of 

236 x 256 pixels are evaluated), but serve as a good indicator for the comparison of 

the curve fitting performances.  
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Figure 5.1: Examples of calibration curves for pixel (82,88): nano-structured 
surface: a) 4th order polynomial curve fit, std. error 1.11 °C, b) power function 
curve fit, std. error 0.94 °C, c) inverted 3rd order polynomial curve fit, std. 
error 0.40 °C; gold coated surface: d) 4th order polynomial curve fit, std error 
0.57 °C 
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Although the inverted calibration curves result in considerably low standard 

errors, their application for the current study has been avoided for reasons concerning 

the computational time that is increased due to the necessary iterations for each 

intensity to temperature conversion (236 x 256 pixel intensity values per frame out of 

up to 1000 frames per repetition during the experimental data reduction). Because the 

error values for the standard calibration curves are relatively high, interpolation of the 

calibration data points using the PCHIP (Piecewise Cubic Hermite Interpolating 

Polynomial) MATLAB® function has been considered and evaluated. The PCHIP is 

similar to conventional SPLINE or full degree polynomial interpolation, but has a 

shape preserving feature and therefore does not show overshooting near the boundary 

points [96]. The PCHIP interpolation leads to an ‘exact curve fit’. PCHIP calibration 

curves are illustrated in Fig. 5.2 for the nano-structured and gold coated silicon for the 

same pixel location as in Fig. 5.1.  
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Figure 5.2: Examples of PCHIP interpolated calibration curves for pixel 
(82,88): a) nano-structured surface, b) gold coated surface 

Numerous curves for all test surfaces have been evaluated using the PCHIP 

interpolation in order to validate its practicability. In all cases, the interpolation led to 

a smooth curve fit without overshooting as the example curves in Fig. 5.2. The error 

associated with the curve fitting using the PCHIP interpolation was estimated by 
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involving only half of the calibration data points for the interpolation and determining 

the deviations of the excluded points with the corresponding estimated values. 

Thereto, two reduced interpolated calibration curves were generated, one including 

odd temperature level points (1, 3, 5, 7 and 9), and the other using even levels (2, 4, 6 

and 8). For the first reduced curve, residuals are calculated at the intermediate even 

levels (2, 4, 6 and 8), whereas for the second reduced curve, residuals are evaluated at 

the intermediate odd levels (3, 5 and 7). The estimate for the curve fit error is then 

determined from the root-mean-square (RMS) of all the residuals (levels 2 to 8), 

according to Eq. 5.2 with the degrees of freedom equal to the 7 evaluated levels. 

Figure 5.3 shows a schematic of the interpolation curve fit standard error examination.  

 

 

 

 

Calibration data points
PCHIP interpolation, all levels
PCHIP interpolation, odd levels
PCHIP interpolation, even levels

Residuals

(schematic)

 
 

Figure 5.3: Schematic showing the scheme of the interpolation curve fit 
standard error examination 

The PCHIP interpolation standard errors for the polished, nano-structured and 

gold coated test sample are 1.07 °C, 0.73 °C and 1.93 °C, respectively. For both of the 

transparent disks, these error values are comparable to the curve fit standard error of 

the power function, but are lower than the standard errors of the polynomials (see 

Table 5.3). For the gold coated surface, the interpolation does not exhibit any curve 

fitting improvement. In conclusion, the PCHIP interpolation and 4th order polynomial 

have been used as calibration curves for the transparent and opaque silicon, 
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respectively. The analysis of the associated total temperature uncertainty is presented 

in the next section. 

 

5.4 Temperature uncertainty analysis 

The overall uncertainty of an individual temperature measurement is estimated 

from the IR calibration data and includes errors related to the calibration 

thermocouples, IR camera noise, curve fit standard errors, and errors introduced by 

using silicone oil as the calibration fluid instead of water. Uncertainty values are 

determined for each detector pixel and for all calibration temperature levels.  

 

5.4.1 Thermocouple calibration uncertainty 

The thermocouples have been calibrated against a NIST RTD standard in a 

uniform temperature oil bath. The uncertainty associated with the RTD standard is 

determined from the RTD standard calibration certificate. The reported data for 

absolute NIST reference temperature, TNIST ref, and RTD standard reading, TRTD std, has 

been correlated applying linear regression, which resulted in a curve fit standard error 

of 0.14 °C as illustrated in Fig 5.4a. The RTD standard sensitivity of 0.01 °C is not 

significant if added in a root-sum-square (RSS) sense. Therefore, the total uncertainty 

for the temperature estimate, Test, is taken to be 0.14 °C. This error is treated as a bias 

error for the thermocouple calibration.  

The temperature estimate calculated from the RTD standard readings obtained 

during the thermocouple calibration (according to Fig. 5.4a) is plotted as a function of 

the corresponding thermocouple data and the two variables are correlated using linear 

regression, as shown in Fig. 5.4b for TC 1. The resulting temperature estimate is 

equivalent to the thermocouple reference temperature for the IR camera calibration, 

Table 5.1. The introduced curve fit standard error is 0.062 °C. It should be noted that 

error values associated with the thermocouples are generally based on a pooled  



 
 
 
  73 

 

a) b) 

0 50 100 150 200
0

50

100

150

200

TRTD std  [C]

T N
IS

T 
re

f  [
C

]

 

 

RTD std cal. data points
RTD std linear regression

errstd = 0.14 C

Test,1 = 0.9985*TRTD std + 0.2798

50 100 150 200
20

40

60

80

100

120

140

160

TTC 1  [C]

T es
t,1

  [
C

] 

 

 

TC 1 cal. data points
TC 1 linear regression

errstd = 0.062 C

Test,2 = Tref = 1.0026*TTC 1 - 0.3187

 
Figure 5.4: Thermocouple calibration analysis: a) RTD standard calibration 
data, b) Thermocouple #1 calibration data 

(average) variance of the individual probes since differences among the thermocouples 

(on the order of 0.01 °C) are not significant for the overall uncertainty.  

The precision error of the thermocouple data from the thermocouple 

calibration are based on the standard deviation of 100 samples at each temperature 

level and the student t-statistics for 95% confidence intervals. The temperature level 

and probe mean error value is 0.025 ± 0.01 °C. Note that errors associated with either 

variable in Fig. 5.4b have the same units since the curve slope is essentially unity, i.e. 

no error propagation is necessary. The total thermocouple calibration temperature 

uncertainty as estimated from the RSS of the single errors is about 0.16 °C. This value 

is taken to be the thermocouple measurement or reference temperature bias error for 

the IR camera calibration.  

 

5.4.2 Thermocouple measurement uncertainty 

The overall thermocouple measurement uncertainty, which corresponds to the 

uncertainty in the average reference temperature values used for the IR camera 

calibration curve, Table 5.1, includes the bias error determined above, the precision 
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error of the thermocouple data from the IR camera calibration, and the spatial 

temperature deviation between the two probes. Precision errors are determined for 

each of the IR camera calibration temperature levels based on the standard deviation 

of the thermocouple readings and the student t-statistics, as before. Applying RSS to 

bias and precision error gives the total single thermocouple measurement uncertainty. 

The standard deviation of the two individual probe means represents the spatial error 

due to temperature non-uniformity during IR calibration and is added to the total 

single probe uncertainty to yield the overall reference temperature uncertainty of the 

IR calibration. Its magnitude is in the range of 0.15 – 0.30 °C for all impingement 

surfaces and temperature levels.  

 

5.4.3 Uncertainty of the intensity values 

The uncertainty associated with the radiation intensity values consists of a bias 

and a precision error. The bias error is the sensitivity of the IR camera, which is 0.025 

°C. The precision error is determined from the IR imaging data acquired during IR 

camera calibration. Precision errors, and hence the RSS total IR measurement 

uncertainty are evaluated for each individual pixel and each temperature level. The 

intensity uncertainty values are converted to temperature units through error 

propagation using the pixel-specific calibration curve equation.  

 

5.4.4 Water versus oil calibration standard error 

Due to emissivity differences, IR measurements with silicone oil and water 

result in unlike intensity values at same temperatures. This error has been accounted 

for by carrying out an equivalent calibration using water as the fluid for temperatures 

below the onset of bubble formation. An additional water calibration was necessary 

for the polished and nano-structured silicon. In the range of the water calibration 

temperature levels, corresponding calibration data points for both water and oil are 
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interpolated and the resulting calibration curves are compared. Figure 5.5 illustrates a 

representative example of water – oil calibration curve comparison from the nano-

structured test surface calibration. It is obvious that there is no apparent trend in the 

difference between the two curves, e.g. a constant curve shift or ratio. Therefore the 

error could not be mitigated by means of calibration curve adjustments. Instead, the 

standard error between the two curves has been determined for all pixels and included 

in the total temperature uncertainty. The standard error between the curves is 

expressed as 

 
( )

2

1

2
, ,

,
2 1

I

est water est oil
I

std w oil

T T

err
I I−

−

=
−

∫ dI

 (5.3) 

where Test,water and Test,oil are the temperature estimates for water and oil calculated 

from the respective calibration curve, and I1 and I2 determine the range of intensities. 

The nanofluid was assumed to posses the same radiation properties as pure water and 

no reference calibration was made.  
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Figure 5.5: Representative example of water and oil calibration curve 
comparison from the nano-structured test surface calibration, pixel (20,160) 
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Figure 5.6: IR detector array spatial variations of the total temperature 
measurement uncertainty: a) polished silicon, 80.9 °C, b) gold coated silicon, 
97.5 °C; the dotted (pink) line indicates the region considered for uncertainty 
averaging 

 

5.4.5 Temperature uncertainty results 

The estimate for the total uncertainty of measured temperature values is equal 

to the RSS of the individual errors and is given as 

 ( )1/ 22 2 2 2
,T TC IR std std w oilu u u err err −= + + +  (5.4) 

for the IR transparent test samples and 

 ( )1/ 22 2 2
T TC IR stdu u u err= + +  (5.5) 

for the IR opaque surfaces. Figure 5.6 shows the spatial total uncertainty variations of 

the detector array for the polished and gold coated silicon for one temperature level in 

each case. The uncertainty is typically increasing from the frame center to the 

boundaries for all test samples and temperature levels. Very large uncertainty maxima 

in the range of 10 °C are observed in the frame corners. This high uncertainty is 

caused by the presence of the four (unfocused) platinum centering markers on the 
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bottom side of the disk. However, since the droplet does generally not interfere with 

those regions and because measurement results represent average values over 

numerous pixels (i.e. wetting area or contact line region averaged values), the 

uncertainty remains fairly low. Also, the abnormally high uncertainty regions in  

 

Table 5.4: Temperature measurement uncertainty values 
 

Polished silicon Nano-structured silicon Gold coated silicon

 T [C] uT [C] T [C] uT [C] T [C] uT [C] 
 

  (1) (2) (3)  (1) (2) (3)  (1) (2) (3)

24.9 2.17 2.81 2.73 24.1 1.81 2.33 2.32 24.8 2.98 3.94 3.70 
40.0 1.70 2.12 2.07 39.0 1.52 1.96 1.99 43.4 2.67 3.38 3.13 
57.1 1.52 1.86 1.85 53.9 1.33 1.68 1.76 62.6 1.96 2.46 2.30 
69.1 1.45 1.77 1.77 63.7 1.22 1.53 1.63 76.6 1.69 2.06 1.93 
80.9 1.43 1.73 1.73 74.8 1.17 1.46 1.56 97.5 1.53 1.88 1.75 
93.7 1.39 1.69 1.69 86.8 1.16 1.43 1.54 119.8 1.73 2.19 2.07 

107.0 1.39 1.66 1.68 100.9 1.28 1.45 1.62 144.6 2.01 2.64 2.47 
121.1 1.38 1.65 1.69 117.1 1.20 1.42 1.55 159.8 2.16 2.84 2.68 

T
ot

al
 u

nc
er

ta
in

ty
 

132.7 1.49 1.77 1.82 134.7 1.37 1.52 1.69 184.2 2.28 3.05 2.88 
 

24.9 1.69 2.27 2.15 24.1 1.46 1.92 1.80 24.8 2.66 3.54 3.37 
40.0 1.03 1.37 1.26 39.0 1.08 1.46 1.36 43.4 2.31 2.93 2.75 
57.1 0.71 0.93 0.87 53.9 0.80 1.05 1.01 62.6 1.49 1.88 1.80 
69.1 0.56 0.75 0.70 63.7 0.61 0.81 0.78 76.6 1.14 1.39 1.34 
80.9 0.47 0.63 0.60 74.8 0.49 0.65 0.62 97.5 0.90 1.17 1.08 
93.7 0.39 0.52 0.51 86.8 0.45 0.58 0.56 119.8 1.18 1.56 1.51 

107.0 0.35 0.44 0.44 100.9 0.72 0.64 0.71 144.6 1.54 2.10 2.00 
121.1 0.30 0.39 0.41 117.1 0.54 0.54 0.55 159.8 1.72 2.33 2.24 

In
te

ns
ity

 v
al

ue
 u

nc
er

ta
in

ty
 

132.7 0.58 0.67 0.70 134.7 0.86 0.76 0.81 184.2 1.86 2.54 2.46 
 

a) c) 0.92 1.15 1.14 c) 0.73 1.02 1.13 c) – – – 
b) c) 0.93 1.06 1.07 c) 0.70 0.74 0.74 c) 1.09 1.27 1.22 

(1) Circular region average values 
(2) Circular band average values 
(3) Entire IR frame average values 
a) Water-oil standard error 
b) Curve fit standard error 
c) Entire temperature range 
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Fig. 5.6b stem from incorrect IR calibration data for the gold coated surface. These 

specific pixels have not been considered for the experimental data processing.  

The results of the temperature uncertainty analysis are presented in Table 5.4 

for all impingement surfaces and calibration temperature levels. In each case, the first 

column of uncertainty values represents an IR frame circular region average over the 

entire area within the dotted pink line in Fig. 5.6, corresponding to the average solid-

liquid interface fluid or surface temperature. The second column contains average 

values over a circular band 10 pixels wide inward from the dotted pink line in Fig. 5.6, 

which represents the uncertainty of the droplet contact line region average fluid or 

surface temperature. The third column is for the entire frame average uncertainty 

values. The gold surface exhibits higher uncertainty values due to its inferior 

emissivity compared to water or oil. The experimental temperature ranges were about 

55 – 120 °C for the fluid temperature and about 65 – 185 °C for surface temperature. 

Based on that, the total temperature measurement uncertainty is in the range of about 1 

– 4 percent of the determined fluid or surface temperature.  

 

 

 

 



 
 
 
  79 

6 EXPERIMENTAL DATA REDUCTION 

Experimental data has been reduced using MATLAB® image processing 

routines. The initial data transfer and conversion from binary IR imaging data to 

ASCII text data files is performed accordingly to the procedure for IR calibration data, 

as explained in section 5.1. Each droplet evaporation experiment data contains a time 

series of 1023 arrays of 236 x 256 radiation intensity values that correspond to the 

spatial fluid or surface temperature variations of the droplet impingement and 

evaporation process. Each image is successively read into the data reduction program 

and processed in order to extract information about temperature distribution, droplet 

location, droplet diameter, contact line shape, and bubble formation during boiling. 

The following sections describe the important steps of the image processing for IR 

transparent and opaque test data in more detail. Explanations refer to the reduction of a 

single image, which is identical for all frames. Results obtained from the individual 

frames are stored in an array for further data reduction and plotting.  

 

6.1 IR transparent test surfaces 

From IR transparent surface data, the near surface droplet fluid average and 

contact line region temperature response, and the droplet size history are determined. 

Color mapped IR temperature images are generated for the visualization of the 

interfacial fluid temperature distribution as well as solid-liquid interface geometry 

changes with time.  

The first step of data reduction involves the calibration curve generation for all 

the pixels. From this, each intensity value within an array is converted to temperature 

yielding a calibrated image. Image subtraction and binarization is then performed in 

order to get the droplet location and boundaries. The subtracted image, also termed the 

base image, is the first frame of a sequence that is recorded prior to droplet impact, 

and therefore contains only noise. The noise intensity values are also referred to as the 
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image background, and are essentially equal in all frames for regions not covered with 

liquid. Thus, image subtraction eliminates the image background for enhanced image 

binarization. Figure 6.1 illustrates the image processing steps as explained thus far for 

a water droplet impingement boiling experiment on the polished surface.  
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Experiment: Water droplet impinging on polished silicon, boiling condition 

 

Figure 6.1: Image processing steps (1): a) original IR intensity raw image, b) 
calibrated temperature image, c) image b) after subtraction of the base image, 
d) binarized image c)  

Based on image d) in Fig. 6.1, the fluid contact line region temperature and 

droplet size are determined. Thereto it is necessary to ‘fill’ (i.e. change zeros to ones) 

image regions within the droplet that contain zero values in order to obtain an image  
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a) b) c) 

   

Experiment: Water droplet impinging on polished silicon, boiling condition 

 
Figure 6.2: Image processing steps (2): a) improved droplet perimeter binary 
image, b) detected edge (i.e. contact line) of image a), c) expanded contact line 
five pixels wide inward with the red line indicating the originally detected 
contact line of image b)  

with only perimeter information. These regions, as indicated in Fig. 6.1d, originate 

from pixels whose temperature value is below the binarization threshold (e.g. bubbles, 

non-functional pixels). Edge detection using the Canny method [97] is then applied to 

the improved black and white image in Fig. 6.2a, which leads to a one pixel wide 

droplet contact line, illustrated in Fig. 6.2b. A contact line region image, Fig. 6.2c, is 

generated with the contact line expanded by five pixels inwards from the droplet edge 

to its center. The red line in Fig. 6.2c corresponds to the contact line as originally 

detected by the Canny algorithm, image b) in Fig. 6.2. The droplet fluid contact line 

region temperature represents an average value of all true pixels in Fig. 6.2c, not 

including the red line, which could lie just outside the droplet. The solid-liquid 

interfacial area is computed from the number of true pixels in Fig. 6.2a. From the 

same image, droplet (wetting) diameters in the horizontal (x) and vertical (y) direction 

are determined. Since the droplet contact line is not exactly circular, an equivalent 

droplet diameter based on the interfacial area is used as estimate for the interface size. 

The equivalent diameter is expressed as 
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 4
equiv

Ad
π

=  (6.1) 

It should be noted that if the axes are not shown in IR images, as in Fig. 6.2, the image 

orientation is always according to images illustrated in Fig. 6.1, with the origin for 

pixel indices in the upper left corner. Also, with this image orientation as given by the 

IR camera data, the HSHR camera view is from above the IR image.  

In the subsequent image processing steps, bubble detection and fluid average 

temperature calculation are performed. Corresponding images are illustrated in Fig. 

6.3. For this purpose, an image needs to be constructed with true pixels for wetted 

regions and false pixels otherwise. Because radiant energy emitted by water vapor is 

not detected by the IR camera, measured bubble temperature values are not reasonable 

and need to be excluded. Two approaches are realized for bubble detection. The first 

approach includes binarization of the calibrated temperature image b) in Fig. 6.1. The 

image background has thereto been set to the average luminance value of the contact 

line region so that the relatively light background and wetted regions are converted to 

ones, while the darker bubbles become zero values, as shown in image a) in Fig. 6.3. 

Since bubble and wetted area luminance are very similar in some cases, it is 

challenging to determine a reasonable threshold that results in proper binarization. 

Thus, edge detection is applied to the same image b), Fig. 6.1, and bubbles are traced 

based on their shape rather than luminance. A MATLAB® function that fills false 

value pixel regions (holes) enclosed by true pixels is then applied to the edge detection 

image. This way, detected closed lines that correspond to bubble boundaries are 

converted to filled white bubble areas, while any additional detected, unclosed edges 

remain line shaped. Since the droplet perimeter is also detected as a closed edge in 

some images and the droplet would therefore be treated as one large bubble, the 

contact line needed to be interrupted so it does not get filled. Because the contact line 

location is known, this is easily done by setting a few true droplet edge pixels to zero. 

Images b) and c) in Fig. 6.3 are examples for the bubble edge detection and filling.  
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a) b) c) 

   
d) e) f) 

   

Experiment: Water droplet impinging on polished silicon, boiling condition 

 
Figure 6.3: Image processing steps (3): a) bubble detection image using 
binarization, b) bubble edge detection image, c) filled bubble area image based 
on image b), d) image c) after subtraction of image b), e) image a) and d) 
combined binary bubble detection image, f) final binary true wetting area 
image 

Subtracting image b) from c) and expanding the bubble area circumference by 1 pixel 

leads to image d). One pixel bubble area expansion is performed because each bubble 

contact line is subtracted (i.e. set to zero) during the image b) and c) subtraction. The 

final bubble detection image e) is obtained by combining the images a) and d) from 

the individual approaches. Both the bubble binarization and edge detection method 

have been implemented since either is likely to recognize bubbles not detected by the 

other technique, as pointed out in Fig. 6.3e. Image a) of Fig. 6.2 and image e) of Fig. 

6.3 are superimposed to produce the final binary true wetting area, image f) shown in 
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Fig. 6.3. Basic nucleation characteristics like number of bubbles or bubble size can be 

determined based on this image. Further, the droplet fluid average temperature 

represents a mean value of the true solid-liquid contact area, according to image f).  

Figure 6.4a illustrates a control image with highlighted edges for bubbles and 

droplet circumference. With such images it is possible to verify the performance of the 

image processing routine (i.e. bubble and contact line detection). Traced contact line 

and bubbles agree usually well with the true droplet features. However, towards the 

end of the evaporation process when the liquid film becomes very thin, the contact line 

is rather indistinct and the detected droplet perimeter is typically a few pixels inward 

from the true edge. Further, relatively small and less pronounced bubbles are not 

always recognized. Figure 6.4b shows a color mapped calibrated temperature image 

with the background set to a uniform luminance value. Images of this kind will be 

used for the experimental data analysis.  
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Experiment: Water droplet impinging on polished silicon, boiling condition 

 
Figure 6.4: Image processing steps (4): a) control image for bubble and droplet 
contact line detection, b) uniform background calibrated temperature image 
for experimental data analysis 
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6.2 IR opaque test surfaces 

For IR opaque silicon, surface temperature history and profiles are to be 

determined. Results for surface temperature history include the solid-liquid interface 

average surface temperature, droplet center surface temperature, droplet contact line 

region average surface temperature, and an average surface temperature of locations 

half way between droplet center and contact line. Color mapped IR temperature 

images are generated for the visualization of the surface temperature areal distribution. 

However, unlike images where the droplet is actually visible, surface images are rather 

uninformative and analyzing the surface temperature response and profile plots is 

more reasonable. One feature of the surface temperature field that could be observed 

based on the calibrated temperature images is its fairly axisymmetric nature relative to 

the droplet center, i.e. surface temperature contours are ring shaped with the minimum 

temperature in the droplet center region. This was essential for the data reduction as 

will be explained later on in this section. An example image for the surface 

temperature drop just after droplet impact is illustrated in Fig. 6.5a. It should be noted 
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Experiment: Water droplet impinging on gold coated silicon, boiling condition 

 

Figure 6.5: Image processing steps (5): a) calibrated surface temperature drop 
image, b) specific temperature contour from image a) for droplet center 
examination 
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that the abnormal red regions in the image stem from incorrect IR camera calibration 

data for the gold coated surface. Therefore, these specific pixels have not been 

considered for any temperature value calculations. This is unlikely to significantly 

affect the results since computed temperature values are averages over numerous 

pixels.  

As for transparent silicon image processing, the calibration curves for all 

detector pixels are first generated followed by the intensity to temperature value 

conversion. From the images taken prior to droplet impact, the pre-impact surface 

temperature for a specific test is determined. The pre-impact surface temperature is 

estimated by taking an average of values within a circular area around the frame center 

that has a diameter equal to the frame height. This region corresponds to the typical 

droplet impact location. Further, temperature values in the image corner regions are 

not useful because of the center markers, and uncertainties are very high, as shown in 

section 5.4.5.  

Because the droplet is not visible when imaging the gold coated surface, exact 

evaluation of the solid-liquid interface location and shape for the surface temperature 

response and profiles calculations is not possible. Instead, the interface shape has been 

approximated by a circle of the size of the equilibrium diameter. The equilibrium 

diameter was obtained from the HSHR data [85] and corresponds to the size of the 

droplet just after impact when a quasi-equilibrium droplet geometry stage is reached 

before significant evaporation starts to occur. The location of the droplet center has 

been identified based on the axisymmetric surface temperature field, or rather the 

distribution of the surface temperature drop due to droplet impact, as shown in Fig. 

6.5a. Thereto, a pre-impact image containing pre-impact temperature information is 

subtracted from the actual temperature image to obtain the temperature difference 

array. The latter image is binarized and edge detection using the Canny method is 

applied. This is equivalent to the determination of a specific temperature contour 

within the frame, i.e. the detected edge represents a line of (about) equal temperature 
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drop values. Since the temperature field is assumed to be axisymmetric around the 

droplet center, the droplet center corresponds to the midpoint of the detected 

temperature contour. Image b) in Fig. 6.5 shows the contour for the droplet center 

identification for image a) in the same figure.  

The algorithm for the center location calculation is based on the minimization 

of the sum-square of the residuals between individual contour pixel radii and average 

contour radius. An individual contour pixel radius is the distance between a contour 

pixel and an arbitrary (center) pixel within the array that is evaluated. The average 

contour radius is the mean of all individual radii. Thus, the algorithm minimizes the 

variance among distances between contour pixels and the center pixel. Applied to an 

exact circle with a unique radius, the variance would be equal to zero within the pixel 

resolution. Denoting the row and column indices of a pixel with i and j, contour to 

center pixel distances with Δpixel, and the number of contour pixels by N, the droplet 

center location is determined as follows: 

 2 2pixel i jΔ = Δ + Δ  (6.2) 

 
pixel

pixel
N
Δ

Δ = ∑  (6.3) 

 ( )( )2, mincenteri j pixel pixel= Δ −Δ∑  (6.4) 

Sum-square values according to Eq. 6.4 are evaluated for pixels within a rectangular 

range equal to the size of the contour i- and j-dimensions. The center pixel is then 

readily obtained by searching for the variance minimum.  

It should be noted that in the present study the droplet center is examined for 

one frame only and then assumed to be the same for subsequent images. This is 

because droplet center evaluation for each frame would exceed the computational time 

capacity. It is likely that the droplet changes its center location due to evaporation and 

asymmetric contact line receding towards the end of the evaporation process. 

However, the constant droplet diameter and location assumption is valid for most of 



 
 
 
  88 

the evaporation process. The specific image for the center detection is typically the 

second or third frame of the series, depending on the frame rate of the camera, and 

corresponds to the time when the droplet diameter has reached the quasi-equilibrium 

stage, which is about 15 ms past impact [85]. For pre-impact surface temperature 

calculations, the droplet center is the image midpoint. In addition, the droplet size is 

held constant during data processing at the value of the equilibrium droplet diameter, 

as mentioned before. This is, of course, again an approximation which is introduced 

because droplet boundary tracking is challenging for gold coated silicon data. In 

conclusion, the surface temperature results presented here correspond to the steady, 

constant size quasi-equilibrium stage solid-liquid interface. For future studies, opaque 

surface image processing might be improved by examining the surface temperature 

field and droplet location for all images, and by making use of the simultaneously 

recorded droplet geometry HSHR imaging data.  

Given the droplet location and size, the surface temperature profile for one 

image is generated by taking the mean value of pixels at the same radial distance from 

the droplet center, which is equivalent to calculating the average of numerous profiles 

in various directions. From the temperature profiles, considering values at same radial 

locations, surface temperature transients are obtained. For the present study, the 

surface temperature response at radii of r/req = 0.5 and r/req = 1 (droplet edge) was 

determined. The droplet center surface temperature response consists of mean values 

of 5 x 5 pixels around the droplet midpoint. The solid-liquid interface average surface 

temperature response is obtained by taking the average of all pixels within the droplet 

circumference for all evaluated images.  
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7 EXPERIMENTAL RESULTS AND DISCUSSION 

In this chapter, the final results obtained from the experimental data processing 

are presented and discussed. First, the basic droplet impingement and evaporation 

process characteristics are identified based on the temporal droplet geometry changes. 

Subsequently, surface and fluid temperature measurement results for the individual 

test cases, as identified in Chapter 3 (section 3.8), will be discussed. Eventually, the 

different fluids and surfaces are compared in order to draw conclusions about the 

effects of nanofluid and nano-structured surface on the droplet cooling heat transfer. 

 

7.1 Droplet impingement process characteristics 

The first stage (A) of the droplet impingement process is defined as the initial 

droplet impact. During this stage, the droplet spreads, rebounds, and oscillates at near 

constant diameter until reaching a quasi-steady state characterized by approximately 

constant droplet geometry. The initial droplet impact stage possesses very small time 

scales and is recorded with the HSHR camera [85]. Quasi – equilibrium is typically 

reached after about 20 to 30 ms for the Weber number range of the present 

experiments. The framing rates of the IR camera are too low to well resolve the initial 

impact and only one to three frames out of the IR data transient correspond to this 

stage. However, very little evaporation occurs during impact and the bulk of the heat 

transfer takes place in the following stages. Figure 7.1 shows HSHR raw images from 

a companion hydrodynamic study [85] for the impact of a water droplet on polished 

silicon, illustrating the impact characteristics mentioned above. The time of initial 

solid-liquid contact, i.e. the first significant frame of a series, was taken to be the 

origin of the time axis (t = 0). Thus, the last frame with the droplet still being visible 

corresponds to the droplet evaporation time.  
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a) b) c) d) e) 

  
t = -0.06ms t = 0.61ms t = 1.56ms t = 3.18ms t = 37.60ms 

 
Figure 7.1: HSHR raw images from a companion hydrodynamic study [85] for 
the initial impact stage of a water droplet impinging on polished silicon, 
typical boiling condition: (a) pre-impact, (b) advancing, (c) maximum 
spreading, (d) receding, (e) quasi-equilibrium droplet 
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Figure 7.2: IR images corresponding to the characteristic stages of the droplet 
evaporation process for water impinging on polished silicon, typical boiling 
condition, Ts,o = 185 °C: a) initial impact stage A, b) initial nucleation in 
boiling stage B, c) severe boiling in boiling stage B, d) end of boiling stage B, e) 
beginning of the approximately constant diameter evaporation stage C, f) end 
of the approximately constant diameter evaporation stage C, g) stepwise fast 
receding contact line stage D, h) final dryout stage E 
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The droplet evaporation process characteristics were found to depend mainly 

on the fluid and heating conditions in this study. Water droplets impinging on the 

polished or nano-structured surface demonstrate similar characteristics, while the 

nanofluid evaporation process shows some distinctions. Figure 7.2 illustrates IR 

images corresponding to the different characteristic stages of water droplet 

evaporation on polished silicon for a typical boiling condition. Figure 7.3 shows the 

droplet equivalent diameter dequiv (Eq. 6.1) as a function of the nondimensional time 

t/tev for the same test case for an individual measurement, pointing out the process 

classification. Note that for the nondimensional time axis, the time is scaled by the 

droplet evaporation time of the respective individual test. Figures 7.4 and 7.5 are 

equivalent figures for (different) typical non-boiling conditions. Considering water  
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Figure 7.3: Droplet equivalent diameter, dequiv, as a function of non-
dimensional time, t/tev, for a water droplet impinging on polished silicon, 
typical boiling condition, Ts,o = 185 °C; The labels A to E refer to the various 
droplet impingement process stages: A initial impact, B boiling, C 
approximately constant diameter evaporation, D stepwise fast receding 
contact line, E simultaneously decaying diameter and contact angle final 
dryout 
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Figure 7.4: IR images corresponding to the characteristic stages of the droplet 
evaporation process for water impinging on polished silicon, typical non-
boiling condition, Ts,o = 87.1 °C: a) initial impact stage A, b) beginning of the 
approximately constant diameter evaporation stage C, c) end of the 
approximately constant diameter evaporation stage C, d) and e) stepwise fast 
receding contact line stage D, f) final dryout stage E 

droplet boiling, four different post impact stages have been identified: boiling stage B, 

approximately constant wetting diameter evaporation stage C, stepwise fast receding 

contact line stage D, and simultaneously decaying diameter and contact angle final 

dryout stage E. Under single-phase conditions, stage C directly follows stage A since 

no boiling occurs. The stages D and E correspond to the dryout period since the 

wetting area is significantly reduced during these times.  

The boiling stage includes initial nucleation followed by vigorous boiling with 

fluid ejection and droplet expansion. Droplet breakup due to rapid vapor generation 

was also observed in some cases when the surface temperature was sufficiently high. 

After boiling stops, or if no boiling occurs, the droplet evaporates at approximately 

steady contact diameter in stage C with the height decreasing nearly linear, as shown 

in Fig. 7.5. Obviously, the contact angle also decays during this stage. Near constant  
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Figure 7.5: Droplet equivalent diameter, dequiv, and droplet height, H, as a 
function of nondimensional time, t/tev, for a water droplet impinging on 
polished silicon, typical non-boiling condition, Ts,o = 111.7 °C; droplet height 
data from a companion hydrodynamic study [85]; The labels A to E refer to 
the various droplet impingement process stages: A initial impact, C 
approximately constant diameter evaporation, D stepwise fast receding 
contact line, E simultaneously decaying diameter and contact angle final 
dryout 

diameter evaporation is observed for most of the evaporation process in all cases and 

involves the bulk of the heat transfer. After reaching the receding contact angle, a 

series of rapid diameter decay events accompanied with suddenly increasing droplet 

contact angle and height followed by near constant diameter evaporation occurs in 

stage D. This phenomenon may be explained based on the solid-liquid interfacial 

hydrostatic and hydrodynamic resistance that induces effects similar to slip-stick 

motion of a rigid body.  

The contact line is ‘pinned’ during most of the evaporation process due to 

solid-liquid interfacial resistance (frictional) forces that prevent the contact line from 

moving, although the decreasing droplet contact angle leads to increased surface 

tension forces acting on the droplet edge, pulling the contact line inward to the droplet 



 
 
 
  94 

center. This may be compared to static friction. Reaching the receding contact angle is 

then associated with overcoming the necessary force for the contact line to begin to 

move, which changes the resistance to be of dynamic nature. Based on a static / 

dynamic friction model, for solid-liquid systems having similar maximum static and 

dynamic resistance magnitude, after reaching the receding contact angle, the contact 

line starts receding steadily. This behavior is mostly found in the open literature [19-

31]. Typically, two distinct cases were observed: constant contact angle evaporation, 

and simultaneously decaying diameter and contact angle evaporation. For the first type 

there must exist equilibrium between contact line receding velocity and evaporation 

rate for the diameter and height to change such that the contact angle remains the 

same. This means that surface tension forces that cause contact line motion and solid-

liquid interfacial dynamic resistance are about equal (i.e. near zero net force). It also 

means that a reduction in surface tension forces due to decaying diameter (i.e. 

increasing contact angle) is always balanced by an increase in the same force caused 

by evaporation (i.e. decreasing contact angle). However, if the evaporation rate is 

relatively high, e.g. close to final dryout, the droplet height diminishes at a relatively 

faster rate compared with the retraction of the contact line, resulting in both decreasing 

diameter and contact angle, equivalent to stage E of the current study.  

A different evaporation behavior is observed compared to the steadily receding 

droplet circumference case if the (static) contact line pinning is relatively strong and 

the dynamic resistance is considerably lower, as it is proposed for the present work. 

After the receding angle is reached and contact line movement is initiated, the 

interfacial resistance drops, resulting in a relatively large net (surface tension) force 

that accelerates the droplet periphery inward to the droplet center (‘slip’ stage). Since 

time scales associated with this phenomenon are relatively small, no significant 

evaporation takes place during diameter retraction, and hence, droplet height and 

contact angle rise suddenly at the same time. For this reason, surface tension force 

reduction due to decreasing diameter is not balanced by evaporation and the contact 
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line eventually comes to rest because the fluid momentum is dissipated by liquid-

surface interactions and droplet deformation. Due to the fluid inertia, the ‘new’ droplet 

forms a contact angle larger than the receding one, therefore having surface tension 

forces too low to cause contact line motion and approximately constant diameter 

evaporation with pinned contact line takes place again (‘stick’ stage).  

Several steps are typically observed in stage D until the evaporation rate or 

solid-liquid interfacial hydrodynamic conditions allow for steady contact line 

receding, as explained earlier. It should be noted that typically the contact line 

retractions are circumferentially asymmetric, occurring at contact line locations 

showing lower resistance or higher retraction forces, as illustrated in Fig. 7.4d. The 

above model assumes that droplet diameter decay is solely due to contact line 

movement and not due to evaporation. This assumption is reasonable since the 

diameter stays constant during evaporation unless the contact angle drops below a 

critical value. The observed stepwise evaporation stage D is consistent with findings 

by several other studies [4, 29, 31, 77]. A few numerical investigations for droplet 

evaporation found in the open literature include free surface and contact line force 

balances in order to model contact line pinning and motion [2, 28, 29]. However, none 

of those models account for distinct static and dynamic conditions and therefore 

cannot simulate stage D. The receding contact angle in this study was about 10 

degrees for all cases [85].  

The evaporation process for nanofluid droplets was different from that of water 

and is classified into three different stages including the initial impact stage A, the 

approximately constant diameter evaporation stage C, and the final dryout stage E. 

Nanofluid experiments have been carried out only for evaporative conditions. 

Therefore stage B is not observed. Also, no stepwise fast receding contact line stage D 

could be identified from the nanofluid droplet impingement data. Instead, the diameter 

decreases more steadily than for water droplets. Figure 7.6 illustrates IR images 

corresponding to the characteristic stages of nanofluid droplet evaporation on the  
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Figure 7.6: IR images corresponding to the characteristic stages of the droplet 
evaporation process for nanofluid impinging on polished silicon, typical non-
boiling condition, Ts,o = 87.1 °C: a) initial impact stage A, b) beginning of the 
approximately constant diameter evaporation stage C, c) end of the 
approximately constant diameter evaporation stage C, d) and e) steady 
decaying diameter and final dryout stage E 

polished silicon for a representative non-boiling condition. Droplet equivalent 

diameter as a function of the nondimensional time for the same test case is shown in 

Fig. 7.7. The lack of the stepwise diameter changes can be explained by altered solid-

liquid interactions and interfacial resistance forces due to the nanoparticles. Driven by 

the droplet internal flow field, the particles tend to migrate toward and accumulate at 

the droplet edge over time. The elevated concentration of particles at the contact line is 

likely the reason for the dissimilar evaporation characteristics. It should be pointed out 

that if the diameter does not demonstrate any rapid decays accompanied with 

increasing droplet height, the liquid film remains thin, thus favoring evaporation.  

Because the nanofluid droplet evaporation behavior does not feature stage D, 

the dryout stage E spans over a longer time period and is characterized by a steady  
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Figure 7.7: Droplet equivalent diameter, dequiv, as a function of non-
dimensional time, t/tev, for a nanofluid droplet impinging on polished silicon, 
typical non-boiling condition, Ts,o = 87.1 °C; The labels A to E refer to the 
various droplet impingement process stages: A initial impact, C approximately 
constant diameter evaporation, E steady decaying diameter and final dryout 

diameter reduction. At this point, no conclusions can be made about the droplet height 

and contact angle temporal changes for this case since the HSHR imaging data for the 

nanofluid experiments are not yet evaluated. Therefore, for nanofluid droplet 

evaporation, stage E will be referred to as the steady decaying diameter and final 

dryout stage. This is basically equivalent to stage E for water droplet evaporation, only 

that the behavior of the contact angle and height is not known. For further and more 

detailed information about the droplet impact and evaporation hydrodynamics it is 

referred to the companion work on droplet impingement hydrodynamics [85] where 

the HSHR imaging results are presented.  

The nanofluid droplets demonstrate increased wetting area. Because the 

droplet initial volume for the nanofluid is generally slightly less than that for water (do 

= 1.18 mm versus do = 1.29 mm), it can be concluded that nanofluid droplets exhibit 

lower contact angles and liquid film thicknesses, which is associated with reduced 
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evaporation times, as discussed later in section 7.5. After complete dryout of a 

nanofluid droplet, a thin film of nanoparticles remains on the surface and a ring shaped 

particle residue can be observed at the stage C droplet contact line location, with the 

ring structure containing most of the particles, as shown in Fig 7.6e. This is consistent 

with findings by other studies [56, 57]. Because of the residual particles, data obtained 

towards the process end is not reasonable and contains contributions of both the liquid 

and the remaining particles. Therefore, nanofluid data is generally plotted only until 

about 90 – 95% of the evaporation time. Improved image processing including 

subtraction of a post dryout image containing only particle information might help in 

the future to isolate the droplet data in the last frames.  

The respective duration of each of the characteristic stages for nanofluid as 

well as water droplets will be discussed in section 7.3. Finally it should be noted that 

results for the gold coated surface are not presented in this section because these test 

samples are basically used for surface temperature measurements. Further, the droplet 

is not visible due to the opaque coating and no conclusions about the droplet 

impingement process can be drawn from this data.  

 

7.2 Surface temperature history and distribution 

First, the results for the surface temperature field that have been obtained from 

experiments with water or nanofluid droplets impinging on the gold coated test sample 

are presented. Based on the conclusions about the surface temperature response, the 

fluid temperature history is discussed in the next section.  

The gold surface temperature response and corresponding radial temperature 

profiles for water droplet impingement under boiling conditions are illustrated in Fig. 

7.8. Surface temperatures at different radial locations as well as the droplet average 

surface temperature are plotted as a function of nondimensional time for the 

temperature history. The radial distance from the droplet center is scaled by the 

droplet equilibrium radius, req. For the temperature profiles, the surface temperature  
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Figure 7.8: Gold surface temperature for water droplet impingement under 
boiling conditions, Ts,o = 185.0 °C: a) surface temperature history, the labels I 
to V refer to the following characteristic times: I initial impact surface 
temperature minimum, II boiling surface temperature minimum, III stage C 
surface temperature maximum, IV and V stepwise receding contact line 
surface temperature minima; the labels A to E refer to the various process 
stages; b) corresponding radial temperature profiles at different times 
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drop ΔTs is plotted as a function of the nondimensional radial distance r/req for various 

times. The labels A to E in Fig. 7.8a refer to the different process stages described in 

the last section. The labels I to V emphasize characteristic times of the surface 

temperature transient that correspond to I initial impact surface temperature minimum, 

II boiling surface temperature minimum, III stage C surface temperature maximum, 

and IV and V stepwise receding contact line surface temperature minima.  

Stage A is characterized by a pronounced and sudden temperature drop (time I) 

due to the impact of the subcooled droplet (Tf,o ≈ 23 °C). Upon impact, sensible 

heating of the fluid takes place which leads to a relatively fast rising surface 

temperature. When the fluid temperature is sufficiently high, initial nucleation and 

boiling occurs, resulting in enhanced two-phase heat transfer and hence, lowered 

surface temperature (time II) in stage B. After nucleation has stopped, decreased heat 

transfer causes the surface temperature to increase at the beginning of stage C. 

Subsequently, the surface temperature levels off, which suggests near constant heat 

flux evaporation during the stage C midsection (time III), maintained over the majority 

of the time of the impingement process. During this time, the temperature is higher 

than that of initial onset of boiling in early stage B. However, the fluid to surface 

temperature difference is not sufficiently high to maintain boiling. The lack of active 

nucleation sites may be a reason for no observed boiling. Also, the initial boiling may 

have been favored by the droplet impact dynamics or by air trapped in the droplet 

during impact. Towards the end of stage C, considerable droplet height reduction due 

to evaporation has occurred, improving the solid to free surface thermal resistance and 

hence, increasing the heat flux. This is observed as decay in surface temperature until 

a minimum is reached at the characteristic time IV. Time IV corresponds to the first 

contact line retraction in stage D (i.e. just before the retraction occurs), which is 

accompanied with a sudden rise in surface temperature. Reduction in wetting area and 

increased droplet height are reasons for the observed temperature rise. Increased 

droplet height may also reduce the heat flux; however, this could be balanced by the 
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wetting area reduction. Between the times IV and V, the after the contact line 

retraction newly formed droplet experiences approximately constant diameter 

evaporation, resulting in similar surface temperature variations as found during stage 

C, followed by a fairly rapid surface temperature rise as final dryout occurs in stage E. 

It should be noted that based on the surface temperature response, times equivalent to 

IV or V can typically only be identified for the first or second instantaneous diameter 

change. Thereafter, the wetting area becomes too small and continuous increase in 

surface temperature occurs. Therefore, proper classification for the stages D and E is 

not possible here. Upon complete dryout, the surface temperature recovers and 

approaches the pre-impact value.  

Surface temperature drop profiles corresponding to Fig. 7.8a are presented in 

Fig. 7.8b and illustrate the temporal change of the spatial temperature distribution. At 

initial impact, the largest radial temperature gradients are observed, with the maximum 

temperature difference occurring around the droplet center region. Overall, the 

gradient then decreases with time due to droplet heating and radial heat diffusion, 

resulting in a relatively uniform temperature field during most of droplet evaporation. 

However, for time periods corresponding to surface temperature reduction, such as 

toward times II and IV, cooling of the surface wetted region increases the temperature 

gradient. The temperature is nearly uniform upon complete dryout. Typically, the 

temperature difference across the contact area is approximately constant up to about 

70% of the droplet equilibrium radius, and increases for locations beyond this point 

due to the influence of the warmer droplet surrounding solid. Being more precise, in 

stage C, the surface temperature is typically decreasing with radial distance rather than 

being constant for locations within about 70% of the droplet size. This would suggest 

higher evaporation rate and heat flux at the droplet circumference. It should be noted 

that because of the high thermal conductivity of silicon (kSi = 98.9 W/mK at 400 K, 

[98]), and hence, the high heat diffusion rate, rather indistinct and uniform temperature 

profiles are obtained. Therefore it may be difficult to identify certain characteristics of  
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Figure 7.9: Gold surface temperature for water droplet impingement under 
non-boiling conditions, Ts,o = 87.1 °C: a) surface temperature history, the 
labels I to V refer to the following characteristic times: I initial impact surface 
temperature minimum, III stage C surface temperature maximum, IV and V 
stepwise receding contact line surface temperature minima; the labels A to E 
refer to the various process stages; b) corresponding radial temperature 
profiles at different times  
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the surface temperature distribution as well as temperature history, especially at low 

temperature levels. However, surface temperature results obtained in the current study 

are very similar compared to other studies in the literature [5, 7, 9, and others].  

Shown in Fig. 7.9 is the gold surface temperature response and corresponding 

radial temperature profiles for non-boiling water droplet impingement. The same 

labels are used as before to identify process stages and characteristic times. Because 

boiling does not occur in this case, the stage B and characteristic time II are not 

observed. Besides that, the same trends and behavior of spatial and temporal surface 

temperature variations are found as for boiling conditions. However, due to the lower 

temperature level, variations are much less pronounced as heat fluxes are lower and 

heat being removed from the solid interface is readily replaced due to sufficient heat 

input and heat diffusion. For these reasons, nearly the entire evaporation occurs at 

about constant surface temperature. In addition, the temperature field is fairly uniform 

throughout the process.  

Finally, equivalent plots as for water droplet impingement are illustrated in 

Fig. 7.10 for the nanofluid on gold coated silicon for the same test conditions as in 

Fig. 7.9. The surface temperature history, Fig. 7.10a, indicates that nanofluid droplet 

evaporation lacks the stepwise contact line receding since no nearly instantaneous 

surface temperature jumps occur at time IV. Otherwise, no significant differences 

could be found in terms of surface temperature variations.  

 

7.3 Fluid temperature history 

The near surface droplet average and edge region fluid temperatures, Tf,ave and 

Tf,edge, and the droplet equivalent diameter, dequiv, are plotted as a function of the 

nondimensional time, t/tev, for water and nanofluid droplet impingement on polished 

and nano-structured silicon, Figs. 7.11, 7.12, and 7.13. Figure 7.11 and Fig. 7.12 

illustrate the cases of water droplet impingement on the polished and nano-structured 

surface, respectively. Figure 7.13 shows the nanofluid temperature time traces. For  
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Figure 7.10: Gold surface temperature for nanofluid droplet impingement 
under non-boiling conditions, Ts,o = 87.1 °C: a) surface temperature history, 
the labels I to IV refer to the following characteristic times: I initial impact 
surface temperature minimum, III stage C surface temperature maximum, IV 
temperature minimum before contact line receding and dryout; the labels A to 
E refer to the various process stages; b) corresponding radial temperature 
profiles at different times  
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water, examples for typical boiling and non-boiling conditions are shown, whereas for 

the nanofluid only a representative single-phase example is presented as no boiling 

experiments were carried out in this case. The labels A to E again refer to the different 

process stages as identified before.  

Similar behavior of the fluid temperature response for polished and nano-

structured surface water droplet impingement was found by comparison of Fig. 7.11 

and 7.12. Stage A shows a rapid rise in fluid temperature caused by the contact of the 

droplet with the hot surface. Sensible heating and initial nucleation and boiling occur 

during stage B if the surface temperature is high enough, as illustrated in Fig. 7.11a 

and 7.12a with the boiling indicated as oscillations in the fluid temperature. For single-

phase conditions, Fig. 7.11b and 7.12b, a peak value is reached early in stage C 

followed by a near constant fluid temperature period for the droplet average spanning 

over about half of stage C. Thereafter, continuous temperature reduction occurs until 

the first contact line retraction, stage D. Fluid temperature reduction accompanied by 

almost constant surface temperature, as was shown in Fig. 7.9a for water droplet 

evaporation on the gold coated test sample under same heating conditions, suggests 

increasing heat flux within this period as the liquid film becomes thinner, i.e. 

increased temperature gradients across the thermal interface.  

The droplet edge temperature time traces as in Fig. 7.11b and 7.12b exhibit a 

more distinct temperature decrease just after reaching the maximum value. Reasons 

for this may be more pronounced liquid layer thickness decay and relatively high heat 

flux at the droplet boundary compared to the wetting area average. However, this 

phenomenon was not observed at higher heating levels (i.e. boiling). Generally for all 

heating levels, the edge temperature is consistently lower than the contact area 

average. In the boiling case, Fig. 7.11a and 7.12a, the maximum value is reached after 

boiling subsides. Subsequently, the fluid temperature starts decreasing after 

approximately one third of stage C. This is in accordance with increasing heat flux and 

lowered surface temperatures during this time, Fig. 7.8a. Also, period C occurs at  
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Figure 7.11: Near surface droplet fluid average and edge temperature Tf,ave 
and Tf,edge and equivalent droplet diameter dequiv as a function of non-
dimensional time t/tev for water droplet impingement on the polished surface: 
a) boiling, Ts,o = 185.0 °C, b) non-boiling, Ts,o = 87.1 °C; the labels A to E refer 
to the various process stages 
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Figure 7.12: Near surface droplet fluid average and edge temperature Tf,ave 
and Tf,edge and equivalent droplet diameter dequiv as a function of non-
dimensional time t/tev for water droplet impingement on the nano-structured 
surface: a) boiling, Ts,o = 185.0 °C, b) non-boiling, Ts,o = 87.1 °C; the labels A 
to E refer to the various process stages 
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superheated temperatures relative to the ambient pressure. As mentioned above, the 

reason for this may be the lack of active nucleation sites.  

In stage D, the fluid temperature undergoes the same systematic steps as the 

droplet geometry with a rise in temperature at each diameter decay event. This may be 

a result of reduced heat transfer to the droplet due to elevated droplet thickness at 

these specific times. However, the fluid temperature response demonstrates an overall 

drop during stage D and E accompanied with a rise in surface temperature, as shown 

earlier. Based on this, it may be concluded that a considerable heat transfer 

enhancement occurs during this time, indicated by the improved temperature 

gradients.  

Figure 7.13 presents the fluid temperature history for nanofluid droplet 

impingement on the polished surface. The major differences compared with the water 

droplet temperature time traces are the earlier and steeper average fluid temperature  
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Figure 7.13: Near surface droplet fluid average and edge temperature Tf,ave 
and Tf,edge and equivalent droplet diameter dequiv as a function of non-
dimensional time t/tev for nanofluid droplet impingement on the polished 
surface under non-boiling conditions, Ts,o = 87.1 °C; the labels A to E refer to 
the various process stages 
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reduction during stage C as well as the steady temperature gradient during the dryout 

period. From this it may be concluded that temperature gradients across the thermal 

interface are higher for nanofluid evaporation, suggesting enhanced heat flux.  

On average, stage C of the evaporation process is maintained up to 74% of the 

evaporation time for water droplet impingement on the polished and nano-structured 

test samples for all heating levels, being 77% for the polished and 72% for the nano-

structured surface. No significant temperature trends were found, however, the two 

highest heating levels typically show slightly reduced stage C duration (72% and 66% 

for the polished and nano-structured surface, respectively). In the nanofluid case, 

estimation of the stage C duration is more difficult because of the rather indistinct 

transition between stage C and E. The transition is estimated to occur around 70% of 

the total process. Generally, an extended stage C is preferred since very low contact 

angles can be obtained. The boiling stage B is maintained only up to about 7% of the 

evaporation time for both polished and nano-structured silicon. Duration of stages D 

and E varies greatly and randomly among test conditions and individual experiments 

since no consistency seems to exist in terms of the number of rapid diameter decay 

events. Based on the above numbers, the stage D and E combined dryout period is 

about 23%, 28% and 30% for water – polished silicon, water – nano-structured silicon, 

and nanofluid – polished silicon experiments, respectively.  

 

7.4 Repeatability of experiments 

Because different fluids and surfaces will be compared in the next section, the 

repeatability of the experiments for each experimental condition needs to be quantified 

first. Overall the discrepancy among repetitions of individual tests is fairly low. 

Representative examples are presented in Fig. 7.14 for fluid and surface temperature 

measurements. Four or five individual repetitions have been evaluated for each 

experimental condition. Test case average temperature time traces are obtained based 

on the scaled (nondimensional) time axis.  
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Figure 7.14: Examples for the repeatability of experimental data: contact area 
averaged temperature values as a function of nondimensional time for a) 
water droplet impingement on nano-structured silicon, boiling condition, Ts,o = 
185.0 °C, b) nanofluid droplet impingement on gold coated silicon, non-boiling 
condition, Ts,o = 111.7 °C 
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7.5 Effect of nanofluid or nano-structured surface 

Water droplet impingement on the polished surface is considered as the 

reference case. Nanofluid and nano-structured surface performance is compared to this 

reference. For the structured surface, only fluid temperatures (water) can be compared, 

while for the nanofluid both fluid and surface temperatures are analyzed since data is 

available for the polished and opaque test sample, respectively. Thus, the following 

contrasts are made: (1) water droplet impingement on nano-structured silicon versus 

water droplet impingement on polished silicon, (2) nanofluid droplet impingement on 

polished silicon versus water droplet impingement on polished silicon, and (3) 

nanofluid droplet impingement on gold coated silicon versus water droplet 

impingement on gold coated silicon. The first two contrasts are presented in the same 

graphs because fluid temperatures are compared in both cases.  

Comparisons are made based on averaged temperature values of each 

experimental condition at characteristic times, on averaged temperature time traces, 

and on evaporation times. Typically, comparison of temperature values at specific 

times is representative for the entire evaporation process. The presented mean values 

are averages over several repetitions of the same experimental conditions. Standard 

deviations are shown as error bars in the graphs. As the standard deviations are very 

similar among test cases and since no temperature trends were observed, usually one 

single (average) error bar is plotted.  

Illustrated in Fig. 7.15 are droplet average and edge fluid temperature values at 

characteristic times. Figure 7.15a plots the maximum values of the average and edge 

region fluid temperature history as a function of the pre-impact surface temperature 

for the different test cases. As expected, fluid temperatures are increasing with higher 

heating power. Because boiling is not maintained throughout the impingement 

process, the maximum temperature does not plateau from the first boiling level 

onwards. The nano-structured surface resulted in slightly higher maximum 

temperature values for both contact area average and edge region for all but the last 
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Figure 7.15: Comparison of fluid temperatures: a) maximum droplet average 
and edge region fluid temperature, Tf,ave,max and Tf,edge,max, as a function of the 
pre-impact surface temperature, Ts,o, for different test cases, b) droplet 
average fluid temperature at the first receding contact line event, Tf,ave,receding, 
as a function of the pre-impact surface temperature, Ts,o, for different test 
cases 
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heating condition. In contrast, for the nanofluid, fluid temperatures were somewhat 

lower or equivalent. Temperature values corresponding to the first contact line 

retraction (i.e. reaching of the first receding contact angle – beginning of stage D) that 

occurs later on in the process are shown in Fig. 7.15b. Results for the nanofluid are not 

shown as no such event occurs. Basically, the same trends as in Fig. 7.15a are 

observed. The data indicate that for the two highest heating levels a slight shift 

towards increased temperatures is exhibited. This may be because for this conditions 

the contact line receding occurs at somewhat earlier times and hence, elevated 

temperatures. No trends or meaningful results were obtained by evaluating the 

temperature step magnitudes that occur in phase D and results are not presented here 

for this reason.  

Droplet average and edge region surface temperature drop values (ΔTs) 

corresponding to the characteristic times I, III, and IV of the surface temperature 

history are plotted in Fig. 7.16 as a function of the pre-impact surface temperature for 

water and nanofluid droplet impingement. All values are steadily increasing with 

higher heating power. Nanofluid and water initial impact surface temperature drop are 

very similar as shown in Fig. 7.16a. This also applies for the other two characteristic 

times III and IV, Figs. 7.16b and 7.16c, for the first two heating conditions. However, 

at the highest single-phase heating level, temperature differences for the water exceed 

those of the nanofluid. Note that again contact area averaged and edge region values 

behave nearly identical, indicating consistent surface temperature distribution.  

Examples of averaged temperature time traces for the wetting area average and 

edge region fluid and surface temperature for the different test cases are presented in 

Fig. 7.17. Fluid temperature responses in Fig. 7.17a are shown for a representative 

non-boiling condition. Nano-structured surface droplet impingement fluid 

temperatures are generally above those for the polished surface, while nanofluid 

temperatures are slightly lower than or equivalent to those of water. Illustrated in Fig. 

7.17b are averaged surface temperature responses for water and nanofluid droplet  
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Figure 7.16: Comparison of surface temperatures: a) absolute average and 
edge region surface temperature drop at the initial impact, |ΔTs,ave,I| and 
|ΔTs,edge,I|, as a function of the pre-impact surface temperature, Ts,o for water 
and nanofluid, b) absolute average and edge region surface temperature drop 
at the time corresponding to the maximum surface temperature during stage 
C, |ΔTs,ave,III| and |ΔTs,edge,III|, as a function of the pre-impact surface 
temperature, Ts,o for water and nanofluid 
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Figure 7.16 (Continued): Comparison of surface temperatures: c) absolute 
average and edge region surface temperature drop at the first receding contact 
line event, |ΔTs,ave,IV| and |ΔTs,edge,IV|, as a function of the pre-impact surface 
temperature, Ts,o, for water and nanofluid 

impingement for the highest non-boiling heating level. At this heating level the two 

fluids show distinct ΔTs values in Fig. 7.16. As expected, the surface temperature drop 

for water is greater than the temperature drop for the nanofluid over the entire 

evaporation process.  

Figure 7.18 presents the nondimensional evaporation times as a function of the 

pre-impact surface temperature for water droplet impingement on polished and nano-

structured silicon as well as nanofluid droplet impingement on the polished surface. 

The gold coated test sample evaporation time results are not shown since the water – 

polished silicon system is treated as the reference condition and because evaporation 

time results for gold coated surface experiments do not provide any additional 

significant information. It should also be noted that evaporation time data 

corresponding to nanofluid droplet impingement on the gold coated surface may not 

be reliable. This is because formation of the aforementioned particle ring due to  
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Figure 7.17: Averaged temperature time traces: a) averaged droplet average 
and edge region fluid temperature history for the different test cases, single-
phase conditions, Ts,o = 87.1 °C, b) averaged droplet average and edge region 
surface temperature drop history for the different test cases, single-phase 
conditions, Ts,o = 111.7 °C  
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Figure 7.18: Nondimensional evaporation time, t*
ev, as a function of the pre-

impact surface temperature, Ts,o, for different test cases.  

nanofluid dryout renders evaporation time determination difficult as the particle ring 

conceals the evaporating droplet. Nanofluid evaporation time data obtained using the 

IR camera (polished silicon), however, is reasonable since the fluid is visible at all 

times during the process.  

The evaporation time is scaled by the ratio of pre-impact diameter and pre-

impact velocity. The respective mean values for each experimental condition have 

been used [85]. Evaporation times decay rapidly with increasing pre-impact surface 

temperature in the single-phase regime and subsequently level off at the highest 

boiling levels. Evaporation time reduction is found for both nano-structured surface 

and nanofluid. The time difference between the surfaces is most pronounced at lower 

heating levels and is less significant for the boiling cases. This suggests that heat 

transfer enhancement using the nano-structured surface is due to altered wetting 

behavior or increased heat transfer area during single-phase evaporation rather than 

increased active nucleation site density. This is consistent with the fact that boiling 

was not maintained over a longer time period on the nano-structured surface. The 
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nano-structured surface shows evaporation time enhancement up to 20% compared to 

the polished surface. Also note that the trend of polished and nano-structured silicon 

evaporation times agrees with the behavior of their fluid temperatures, see Fig. 7.15.  

Evaporation time reduction using the nanofluid is more pronounced with a 

maximum of about 37 percent. Possible reasons may be improved spreading 

characteristics (i.e. lower contact angles) leading to thin film evaporation, improved 

dryout behavior (i.e. no sudden droplet diameter decay events), and enhanced fluid 

thermal properties. It should be noted that for the nanofluid case, reduced evaporation 

times are obtained at fluid temperatures lower or equivalent to those of water, which is 

inconsistent with the nano-structured surface case where fluid temperature are 

typically higher. This phenomenon could not be fully explained so far and needs 

further investigation. However, it may be explained by the distinct wetting and 

spreading behavior of water droplets on nano-structured silicon and nanofluid droplets 

on polished silicon. Also, considering the temperature uncertainties, it may be argued 

that the fluid temperature differences among test cases are not significant. The actual 

(unscaled) evaporation times are presented in Table 7.1 along with standard deviations 

and percent time difference relative to the reference case. Note that time differences 

are calculated based on the nondimensional numbers in Fig. 7.18.  

Table 7.1: Dimensional evaporation times 
 

 Water –  
polished silicon

Water –  
nano-structured silicon

Nanofluid –  
polished silicon

Ts,o
[C] 

tev,ref ± std 
[s] 

tev ± std 
[s] 

Difference a)

[%] 
tev ± std 

[s] 
Difference 

[%] 
68.9 48.15 ± 1.42 40.62 ± 0.83 -17.60 27.28 ± 0.58 -37.42 

87.1 16.02 ± 0.40 13.77 ± 0.57 -12.11 10.08 ± 0.74 -29.58 

111.7 6.25 ± 0.31 5.02 ± 0.22 -19.77 3.85 ± 0.31 -35.84 

146.1 3.67 ± 0.44 3.29 ± 0.19 -14.49 – – 

153.4 2.47 ± 0.31 2.28 ± 0.11 -8.17 – – 

185.0 1.87 ± 0.23 2.12 ± 0.25 15.53 – – 

a) Time difference determined based on the nondimensional evaporation times Δt*
ev/t*

ev,ref · 100 
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8 CONCLUSIONS AND RECOMMENDATIONS 

Droplet impingement and evaporation heat transfer characteristics have been 

analyzed by measuring the spatial and temporal droplet fluid and surface temperature 

variations during the process for a range of heating levels resulting in both single-

phase and boiling conditions. The effects of using a nanofluid and a nano-structured 

surface for droplet cooling have independently been investigated by comparing the 

temperature responses and distributions to reference measurements obtained from 

water droplet impingement on a polished surface. Droplet evaporation times have been 

determined for all cases in order to draw conclusions about the respective cooling 

performances. Data was obtained using IR thermography along with IR transparent 

and opaque impingement surfaces so that the droplet fluid and surface temperature 

field at a series of time instants could be recorded, respectively, by focusing on the 

solid-liquid interface. For the same project, a companion thesis documents the droplet 

impingement hydrodynamics [85] obtained from HSHR imaging. The IR camera has 

been calibrated in-situ using thermocouples. IR temperature data has been reduced 

using MATLAB® image processing routines.  

Water droplet impingement and evaporation on the nano-structured surface 

shows very similar behavior when compared to the reference test case of water droplet 

impingement on a polished test sample. The process exhibits the same characteristic 

stages with the respective stage durations being comparable. Five major stages have 

been identified: initial impact, boiling (if the surface temperature was sufficiently 

high), approximately constant diameter evaporation, stepwise fast receding contact 

line evaporation, and simultaneously decaying diameter and contact angle final dryout 

period. Employing the nano-structured surface did not extend the duration of the 

boiling stage and improve nucleation, as it would have been expected. This is reasoned 

by the lack of active nucleation sites as the cavity dimensions of the nano-structured 

surface may be below a critical value. Individual fluid temperature time traces for both 

surface types show similar trends for all heating levels with the fluid temperatures 
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measured during nano-structured surface droplet impingement being consistently 

somewhat higher. The fluid temperature response is mainly characterized by a rapid 

rise at initial droplet impact, oscillations during the boiling stage if the surface 

temperature conditions are appropriate, nearly constant fluid temperature followed by 

decay during the steady diameter stage, and a series of rapid temperature rise events 

corresponding to each contact line retraction in the dryout period. Evaporation times 

for the nano-structured test sample are reduced up to about 20% for non-boiling 

conditions. Reductions in evaporation time are less pronounced in the boiling regime. 

Considering the evaporation time reduction as a measure of droplet cooling 

performance, the nano-structured surface may improve heat transfer in droplet 

impingement and spray cooling applications under single-phase conditions. It is 

believed that if the nano-structured surface employed in this study is improved so that 

surface feature dimensions fall into the range of size of active nucleation sites, 

nucleation could be greatly enhanced and maintained over the majority of the droplet 

lifetime, leading to superior cooling performance also under boiling conditions. 

Recalling the surface feature dimensions and surface profile obtained from ESEM 

measurements for the currently used structured sample, it is recommended to mainly 

increase the cavity depths as they are essential for active and re-entrant cavity 

behavior. The data needs to be extended to a wide range of nano-structured surfaces in 

order to evaluate effects of size scales, structure geometry and surface characteristics.  

Nanofluid droplet impingement shows some distinctions in terms of the droplet 

evaporation behavior. No near instantaneous changes in droplet geometry and 

temperature values occur. However, the basic stages such as initial impact, near 

constant diameter evaporation, and overall dryout period are comparable with the 

reference case. On average, nanofluid temperatures are slightly inferior or about equal 

to the water temperatures for all heating conditions. The surface temperature reduction 

during water and nanofluid droplet impingement and evaporation is equivalent for all 

but the highest pre-impact surface temperature level, where the temperature reduction 
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for water droplets is greater. The surface temperature history is characterized mainly 

by a rapid temperature drop at initial impact, decreasing temperature followed by 

oscillations during boiling if the surface temperature is sufficiently high, nearly 

constant surface temperature followed by decay during the constant diameter stage, 

and rising temperature during and after the dryout period. The surface temperature 

spatial distribution is similar for nanofluid and water droplets with the lowest 

temperatures occurring within the contact area bulk region and increasing temperature 

values toward the contact line region and beyond. With the nanofluid, evaporation 

times are improved as much as 37 percent. This result may have consequences in 

enhancing spray cooling or droplet impingement heat transfer rates. Again, the data 

needs to be extended to a large range of nanofluids of different particle and base fluid 

characteristics as well as various particle concentrations.  

Following, a list of recommendations is presented for future work involving 

droplet impingement studies and IR thermography: 

 

1) Instead of gold, use a higher emissivity coating to obtain opaque test 

samples. This reduces the uncertainty associated with the IR camera 

surface temperature measurements as the ratio of coating emitted radiant 

energy (signal) and surrounding noise is improved.  

 

2) Surface embedded thin film thermocouples around the test sample center 

region would improve the opaque surface IR calibration because accurate 

surface temperature measurements are challenging otherwise.  

 

3) The aforementioned embedded thermocouples could also be used to 

maintain consistent test conditions for all surfaces: Rather than controlling 

the heating power input, the pre-impact surface temperature could be 

controlled directly.  
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4) The effect of liquid film thickness on the IR camera calibration and 

temperature measurements may be investigated. During calibration, the 

liquid pool is relatively deep and lower fluid temperature values as for 

droplet impingement at the same heating power input are obtained due to 

the larger fluid volume. This may lead to altered conditions in terms of the 

radiation noise contributions that are being calibrated for. During the actual 

experiments, low liquid layer thicknesses (droplet edges, final dryout 

period) may allow for background radiation to pass through the droplet and 

induce errors in the temperature measurement.  

 

5) An improved and simpler x / y - positioning system for the droplet 

generator would reduce the time necessary to conduct the experiments as it 

was difficult to align the generator with the impingement surface center. 

 

6) Improved image processing routines may be developed for faster data 

reduction and higher quality results. Considering the large amount of raw 

data associated with the IR thermography measurements, well organized, 

strategic and efficient data processing and handling is important. It is 

recommended to log essential basic information about each test during 

experimental data acquisition such as framing rate, first and last significant 

frame number, quality of data, etc. This information may be used as input 

for the image processing codes. 

 

7) From the HSHR data [85], the droplet diameter and height temporal 

changes are obtained. Based on these results, assuming a spherical cap 

shaped droplet, the droplet volumetric changes with time, evaporation rate, 

heat flux, and heat transfer coefficient may be determined according to 
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section 2.1.2.4. Time averaged heat flux and heat transfer coefficient may 

be plotted as a function of the pre-impact temperature for the different test 

cases.  

 

8) Applying the same or similar experimental conditions and test cases as in 

the present study, multiple droplet impingement and non-interacting 

droplet streams may be investigated as it was originally proposed for this 

research.  

 

9) The four centering markers on the silicon disk bottom side should rather lie 

just outside the field of view of the IR camera in order to avoid peak 

temperature uncertainties and false measurement values.  
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APPENDIX B:  Photographs of the experimental apparatus 
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Figure B1:  Experimental apparatus for droplet impingement studies 

 

 
Figure B2:  HSHR and IR camera 
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Figure B3:  Manifold and droplet generator 

 

 
Figure B4:  Heating circuit resistor assembly  
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APPENDIX C:  Overview of the data reduction routines 
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Data reduction procedure 

After the IR raw data has been converted from the binary IR image (*.iri) to 

the ASCII text data file type (*.lvm), the data reduction is carried out in two steps. In 

the first step (1), all individual data series (i.e. all sequences of IR frames from 

individual repetitions) corresponding to the same experimental conditions (same 

heating level and same fluid-surface system) are reduced subsequently during one data 

processing cycle using the MATLAB® image processing routines as explained in 

Chapter 6. The Results from this step consist of the color-mapped IR images as well as 

of the temperature history data, temperature profile data, and droplet size data for all 

repetitions of a certain experimental condition. Temperature or droplet diameter time 

traces are stored in a matrix where the rows represent the time axis and the columns 

correspond to the different data types (i.e. droplet diameter, average temperature, edge 

temperature, etc.). One such matrix is generated for each test and stored as a data file 

under a name containing test case and repetition information (explained later) 

followed by ‘_results.lvm’. The temperature profile data are stored in a matrix with the 

rows corresponding to the radial distance from the droplet center and the columns 

representing different types of profiles, i.e. x-profile, y-profile, or circularly averaged 

profile. One such matrix is generated for each frame of a test (i.e. for all times) and 

stored as a data file under a name containing test case and repetition information 

followed by ‘_profiles_frame #.lvm’ where frame # is the number of the frame within 

a time series to which the profiles correspond. Step (1) needs to be carried out for all 

experimental conditions. It is advised to run the step (1) image processing routines 

simultaneously on several computers, each processing a data set corresponding to the 

same test case. The data reduction duration can be significantly reduced this way.  

After obtaining all of the individual test results, final data plotting and analysis 

is performed in step (2) of the data reduction. Only one processing cycle including all 

tests is carried out in this step. Thereto, all the ‘results’ data files need to be copied 

into the same folder. The program performs plotting of individual temperature and 
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droplet diameter time traces, plotting of data corresponding to the same experimental 

conditions for repeatability analysis, plotting of temperature profiles, determination of 

characteristic values, and data averaging to obtain test case averaged temperature time 

traces. The graphs are stored as both Tiff-images and MATLAB® figure files. 

Temperature values are stored in arrays and saved as EXCEL files.  

 

Step (1) programs 

The programs for the data reduction step (1) include: 

 

– MAINprocessingDropImp.m and MAINprocessingDropImp_gold.m 

– calcurve.m and calcurve_gold.m 

– imgenerate.m 

– scalegenerate.m 

– circgen.m 

 

MAINprocessingDropImp.m and MAINprocessingDropImp_gold.m: Main 

programs for the image processing for the transparent and gold coated surface data, 

respectively. Input variables for transparent surface data: numbers of the frames 

corresponding to initial impact (firstfr), numbers of the frames corresponding to 

complete dryout (lastfr), number of repetitions to process (folders), repetition numbers 

(testnum), framing rates (frate), and image binarization threshold (bin2level).  

Input variables for gold coated surface data: numbers of the frames 

corresponding to initial impact (firstfr), evaporation times (evaptime), number of 

repetitions to process (folders), repetition numbers (testnum), framing rates (frate), 

nondimensional time limit for data processing (timefactor), numbers of frames 

between the initial impact frames and the frames on which the droplet center detection 

is performed (frameoffset), and droplet equilibrium diameter (d_eq).  
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Note that most of the input variables are arrays since several repetitions are 

processed at once. Also, for both of the main routines, it is important to adjust the 

filenames and paths for the data read-in and to save the data properly. The main 

routines need to be adjusted before each processing cycle. 

 

calcurve.m and calcurve_gold.m: Subroutines for the generation of the 

calibration curves for the intensity to temperature value conversion for transparent 

surface and gold coated surface data, respectively. Input variables for both routines: 

number of calibration data IR frames (samples) per temperature level (files), 

calibration power input levels (Temp_levels), calibration test numbers (Test_number), 

and thermocouple reference temperatures (TC_Temp).  

Distinction between transparent and opaque surfaces needs to be made in terms 

of the calibration curve generation routine since different types of curves are applied. 

However, the input variables are the same. Furthermore, for both cases, the filename 

for the calibration data read-in needs to be adjusted to match the filenames of the 

surface specific calibration data. The calibration curve routines need to be changed 

only before processing data that was obtained from a different surface.  

 

imgenerate.m: Subroutine for the color-mapped image generation. This 

program does not need to be adjusted.  

 

scalegenerate.m: Subroutine for the color map generation. This program does 

not need to be adjusted.  

 

circgen.m: Subroutine specifically used for the opaque surface data reduction. 

This program generates the circles for the averaged surface temperature profile 

generation. This program does not need to be adjusted.  
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In order to run the main image processing routines, the folders containing the 

IR imaging data files for each repetition (typically 1023 frames per folder), the 

appropriate IR calibration data (depending on the surface), and the above step (1) 

image processing routines need to be copied into a common folder. Within the folders 

containing the IR data files, additional folders need to be generated for the storage of 

the various IR images and data files that are generated during data reduction. Further, 

the data files containing the information about the heating power input for each test 

have to be copied into the corresponding folders containing the IR data files. The 

power input data file is also evaluated during the image processing. Result data files 

from each repetition are saved to the common folder.  

 

Step (2) programs 

The programs for the data reduction step (2) include: 

 

– PlottingMain.m 

– readdata.m 

– filterdata.m 

– plotcontrol.m 

– plottest.m 

– plotpowerl.m 

– scale.m 

– getave.m 

– chartemp_nogold.m  

– chartemp_gold.m 

– profiles.m 

 

PlottingMain.m: Main program for the final data analysis and plotting. The 

input variables include: filename, repetition numbers, heating level numbers, framing 

rates, first and last frames, evaporation times, time factors, and equilibrium diameters. 

The input variables must be provided for each test case (all heating levels and fluid-

surface systems) and repetition.  
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The following programs are subroutines of the main plotting and data analysis 

program and do not need to be adjusted.  

 

readdata.m: Subroutine for the data read-in.  

 

filterdata.m: Subroutine for data filtering. 

 

plotcontrol.m: Generates a graph of the filtered and unfiltered data so that the 

performance of the data filtering can be analyzed. 

 

plottest.m: Plots the individual test results, i.e. temperature and diameter 

history for all repetitions. 

 

plotpowerl.m: Plots all repetitions of the same experimental conditions in one 

graph for the repeatability analysis. 

 

scale.m: Scales the temperature time traces of all repetitions of the same 

experimental conditions to one common time axis using interpolation. 

 

getave.m: Averaging of the scaled data to obtain test case averaged 

temperature responses. 

 

chartemp_nogold.m and chartemp_gold.m: Determines the temperature values 

at characteristic times for transparent and opaque surface data, respectively.  

 

profiles.m: Plots surface temperature profiles of individual tests at several 

(characteristic) times in one graph. 
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APPENDIX D:  IR data management 
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A specific folder structure is used in order to store the data properly. All the 

folder names contain information about the experimental conditions and the repetition 

number of a test. The folders of the first level specify the fluid used for the 

experiments, i.e. water or nanofluid. The second level folders distinguish between the 

different surfaces, i.e. polished, nano-structured, or gold coated. The third level folders 

specify the type of droplet impingement, i.e. single droplet or multiple droplet 

impingement. In the present study, only single droplet impingement was investigated. 

The fourth level distinguishes between non-boiling and boiling experimental data. The 

fifth level distinguishes between the individual heating levels. The folders of the last 

level specify the repetition and contain the IR data files of an individual test. The 

following abbreviations were used to label the folders: 

 

– Fluid: w:  water nf:  nanofluid 

– Surface: sm:  smooth g:  gold ng:  nogold ns:  nano-structure 

– Droplet: s:  single m:  multiple st:  steady sp:  spreading 

– Heating: nb:  non-boiling  b:  boiling 

– Level: (power_)  1 .. 10 (indices for each heating level) 

– Repetition:  (test_) 1, 2, 3, … (indices for each repetition)  

ev:  entire evaporation process recorded with HSHR camera 

 

Each file has a specific name that is different from all other filenames. Similar 

to the folder names, the filenames contain information about the experimental 

conditions and the individual repetition. Further, the filename contains information 

about the data type (e.g. type of IR image, profiles, results, etc.) and the file number 

(i.e. frame number) within a data series. The frame number only applies if the files are 

individual frames of a time series. The following is an example of a filename: 

 

Water_smooth_nogold_single_nonboiling_2_4_cline_00183.bmp 
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The filename structure is similar to the one for the folders. It provides 

information about the fluid, the surface, the droplet impingement type, the heating 

level, the repetition number, the type of data, and the frame number.  

For water droplet impingement on the gold coated surface and for all the 

nanofluid experiments, the heating levels are consecutively numbered from 1 to 6 

from the lowest to the highest level. For water droplet impingement on the polished 

and nano-structured surface, the corresponding heating level numbers are 1, 3, 5 (non-

boiling cases) and 10, 7, 9 (boiling cases). Those are the indices that appear in the file 

and folder names.  

 

Calibration data has been obtained for each surface and for silicone oil and 

water. All the calibration data files and folders corresponding to the same calibration 

have partially the same name. The different calibrations are denoted by the following 

labels: 

 

– Calibration_1_4-2: nano-structured surface, water  

– Calibration_2_1-2: polished surface, water 

– Calibration_2_4-2: nano-structured surface, oil 

– Calibration_3_1-2: polished surface, oil 

– Calibration_2_5-2: gold coated surface, --- 

 

The latter three calibration data sets were used for the experimental data reduction. 
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