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Spray impingement cooling has been shown to be a leading candidate for future 

high heat flux cooling applications.  In general, spray cooling curves consist of three heat 

flux regimes; single-phase, two-phase and critical heat flux (CHF). CHF is considered the 

design limit for almost all two-phase cooling applications, as a rapid increase in 

temperature and decrease in heat flux occurs beyond this point.   

Recent studies have shown that the addition of micro-structures on the 

impingement surface can enhance heat transfer relative to a smooth surface.  In the 

present study, spray cooling curves are obtained for two micro-structured surfaces and 

are compared to smooth surface results.  Micro-structured surfaces consisted of bio-

inspired fractal-like geometries, denoted as grooves and fins, extending in a radial 

direction from the center to the periphery of a 37.8 mm circular disc. Depending on the 



location on the surface, dimensions of groove widths and heights varied from 100 to 500 

μm, and 30 to 60 μm, respectively. Fin width and height dimension remained constant 

throughout the surface at 127 and 60 μm, respectively.    

Heat flux and wall temperature at the impingement surface were calculated from 

temperature data measured at multiple locations below the impingement surface.  Results 

are presented as heat flux, q  , versus the wall-to-spray temperature difference, wT , at 

each of 5 volume flux, Q  ,  conditions ranging from 0.54 to 2.04 x 10
-3

 m
3
/m

2
s.  

Convection coefficients, cvh , and spray efficiencies, η, are also presented for each case as 

a function of q   and wT , respectively.    

Results of the study indicate that at low and high volume fluxes, an improvement 

in heat transfer occurs in the single-phase regime for the fin geometry.  Enhancement in 

the single-phase regime did not occur at the intermediate volume flux condition of 1.37 x 

10
-3

 m
3
/m

2
s.  At all volume flux states tested, significant enhancements, as high as 50% 

in some cases, were observed in the two-phase regime for the fin structure, whereas the 

groove structure performed identically to the flat surface in the single-phase regime and 

exhibited a large degradation in the two-phase and critical heat flux regimes (~50%).  

Critical heat flux for the fin surface compared to the flat surface was slightly lower at low 

volume flux conditions, equivalent at the intermediate volume flux, and slightly greater at 

high volume flux conditions. Further investigations into the underlying mechanisms 

responsible for these results are needed.   
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NOMENCLATURE 
  

         Symbols          

A    area     

,p lC    constant pressure specific heat 

d    diameter 

g    gravitational acceleration 

h    convection coefficient 

H    nozzle-to-surface distance 

fgh    latent heat of vaporization 

k    thermal conductivity 

L    length 

m    mass flow rate 

N    droplet number flux 

n    droplet number density 

p    pressure 

q    heat flux 

Q    spray volumetric flux 

T    temperature 

V    velocity 

Nu    Nusselt number 

We    Weber number 

Re    Reynolds number 

Pr    Prandtl number 

Bo    Bond number 

W    groove width 

gs    grooved surface 

fs    finned surface 

us    unstructured surface 

R    thermal resistance 

q    heat flow rate 

rmsi    root mean square current 

rmsV    root mean square voltage 

    percent heat loss 

S    standard deviation 

M    number of repetitions 

u    uncertainty 

SMD    Sauter mean diameter 

CHF    critical heat flux 

 

Greek Symbols 

    spray cone angle 

    volume flux fraction 



    percent of area etched 

 

 



 

Experimental Study of Subcooled Water Spray Cooling Using Flow 

Symmetric Micro-structured Surfaces 

 

Chapter 1 

Introduction 

1.1 Background 

 Spray cooling is a heat transfer method where a liquid stream is broken up into 

droplets by way of a pressure swirl or gas atomization nozzle, and then ejected out of an 

orifice to impinge on a heated surface. Droplets exit the nozzle at some velocity, size and 

rate, ultimately forming a 3-dimensional spray with specific characteristics unique to the 

operating conditions.  Mean velocities, diameters and droplet number or volume fluxes 

are used in spray cooling to characterize a spray.  For a given nozzle, these spray 

characteristics can be a function of fluid properties, pressure drop across the nozzle, 

distance from the nozzle, and position relative to the impingement surface.  Depending 

on the spray angle and nozzle to surface distance, the droplet impact area may be greater 

than, less than, or equal to the heated surface area.  Figure 1.1 is a general schematic of a 

spray cooling scenario with a full cone nozzle, where the droplet impact area is greater 

than the heated surface area. Such a condition is referred to as overspray.  
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 Spray cooling curves are generally presented on a linear or log-log scale, with 

heat flux plotted as a function of either the wall temperature or a wall temperature 

difference.  The wall temperature difference can be defined with respect to the free 

stream temperature of the fluid, or the saturation temperature of the fluid; however, with 

log-log scales it is generally the free stream temperature that is used.  Other quantities of 

interest are the convection coefficient and evaporation efficiency, which are usually 

plotted as a function of heat flux and wall temperature difference, respectively.  The 

convection coefficient from Newton‟s law of cooling is a good measure of performance 

for convective heat transfer processes.  The evaporation efficiency gives insight into the 

fluid usage, and its utilization towards heat transfer on a thermodynamic basis.  The heat 

flux, convection coefficient and evaporation efficiency have been shown to be strongly 

dependent on spray characteristics, heated surface characteristics, composition and 

Figure 1.1 Schematic of typical spray cooling scenario with overspray  
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thermo-physical properties of the working fluid, and ambient temperature and pressure 

conditions.  

1.2 Applications   

 Spray cooling has a continuously increasing number of uses throughout many 

industries.  For decades it has been used in metal quenching due to its temperature control 

capabilities; however, most of the research related to this application focuses on heat 

transfer at very high wall temperatures (~300 °C).  Cryogenic spray cooling is currently 

being used during laser irradiation treatments for removal of port wine stain birthmarks.  

Effectively cooling the surrounding epidermis allows for higher powered lasers to be 

used, improving the treatment results.  Electronic devices are continuously requiring ever 

greater amounts of heat dissipation which has lead to research in cooling methods other 

than the conventional forced air convection.  Flow boiling, jet impingement and spray 

cooling are among the more recent cooling methods being investigated for thermal 

management of electronic devices.  Spray cooling of electronics is still a developing 

technique but is currently being applied in the CRAY X-1 supercomputer and the space 

shuttles open loop flash evaporator system.  Future uses include cooling of high-powered 

electronic components for lasers, hybrid vehicles and various military applications. 

1.3 Advantages 

 The advantages associated with spray cooling over other cooling techniques with 

respect to electronics cooling are very appealing.  Exceptionally high heat transfer 

coefficients allow for high heat flux cooling at relatively low wall temperatures.  While 

similar heat transfer coefficients have been achieved with jet impingement, the advantage 
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of spray cooling is its extremely efficient use of liquid and the spatio-temporal uniformity 

of temperature at the impingement surface.   

 Jet impingement cooling has a convection coefficient that is a function of radial 

position, with the maximum value occurring in the stagnation zone; i.e., the region on the 

impingement surface immediately below the exit of the jet nozzle.  Consequently, the 

wall temperature can be significantly higher away from the stagnation zone for a constant 

heat flux boundary condition.    

 The disadvantages of spray cooling include high pressure drop requirements, 

liquid and vapor fluid collection difficulties, an abnormally large numbers of parameters 

effecting performance, and inconsistent reported results amongst seemingly identical 

conditions.  The latter two have led to limited progress in predictive capabilities such as 

correlations or analytical/numerical models, with the vast majority of spray cooling 

research being experimental in nature.  
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Chapter 2 

Literature Review 

2.1 Spray Cooling Regimes  

 Almost four decades ago, Toda [1] performed what is considered to be the first 

systematic fundamental study of spray cooling heat transfer phenomena.  Water was 

sprayed onto two different heated surfaces of diameter 15 mm and 37 mm by way of a 

pressure atomizer. As a result of the study the author proposed three distinct regimes: low 

temperature, transitional temperature, and high temperature.  Figure 2.1 is a qualitative 

representation of a general spray cooling curve having axes of heat flux, q  , and wall 

temperature difference,   TTT ww , where T  represents the temperature of the fluid 

exiting the spray nozzle.  Representative temperature regimes are identified on Fig. 2.1 

with the critical heat flux (CHF) and Leidenfrost points bounding the transitional 

temperature range at approximate wT  values of 125 °C and 225 °C, respectively. 
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In the transitional and high temperature regimes, a vapor layer separates the heated 

surface from the liquid film formed by the impinging droplets.  This leads to extremely 

high wall temperatures because the vapor layer acts to thermally insulate the surface from 

the cooler liquid. As a result, these temperature regimes are not of particular interest in 

spray cooling research geared towards electronic applications. Rather, it is the low 

temperature regime that has recently been the focus of spray cooling research for 

applications other than metal quenching.  

Figure 2.1 General spray cooling curve 
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 Within this low temperature regime there are three distinct regions of heat 

transfer; single-phase, two-phase and critical heat flux (CHF).  With single-phase spray 

cooling the heated wall temperature is below the saturation temperature of the fluid. 

During single-phase heat transfer, the surface is flooded with liquid and it is thought that 

heat is transferred via forced convection and free surface evaporation, with the former 

dominating at high liquid flow rates, and the latter becoming more important at low 

liquid flow rates. In addition, droplet impingement at the liquid free surface has been 

shown to rebound, break up and coalesce with other drops disrupting the thermal 

boundary layer and thereby improving heat transfer.  

 During two-phase heat transfer the heated wall temperature is above the saturation 

temperature of the fluid and while the heat transfer mechanisms for single-phase heat 

transfer may still exist, the circumstances are complicated by a thinning of the liquid 

layer and possible vapor bubble generation due to boiling.  As the wall temperature 

continues to increase, the liquid layer begins to thin causing a reduction in the conductive 

resistance and increasing evaporative heat transfer at the free surface of the liquid layer.  

Vapor bubbles may or may not be generated at the wall, depending on the spray 

conditions.  For instance, with high spray volume flux conditions the impinging droplets 

can puncture the liquid film, rupture, and sweep away the microscopic nucleate bubbles.  

The result is a suppression of bubble formation. Conversely, with low volume flux 

conditions either the droplets do not have enough kinetic energy to puncture through the 

liquid layer and into the vapor bubbles, or the bubble formation outpaces the droplet 

impingement.   
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 As the wall temperature continues to increase up to the point just prior to the 

transition regime dryout or CHF ensues at the heated surface periphery and propagates 

inward.  The term „dryout‟ is often used because this is what is physically occurring at 

the surface with the formation of a vapor layer that is impenetrable to the impinging 

droplets. This is a very important condition in spray cooling research in terms of the 

thermal management of electronics because it is an application design limit.  Beyond this 

point a rapid increase in wall temperature and decrease in heat flux occurs, an event that 

would ultimately lead to the catastrophic failure of the electrical components being 

cooled.          

Such a complex combination of heat transfer processes requires a large number of 

parameters to characterize spray cooling performance.  Many of these are discussed in the 

following sections. Because the characteristics of the spray are both numerous and 

critical to the understanding of the cooling process, the next section is devoted to the 

definition and quantification of these characteristics.  This section is followed by a review 

of spray cooling literature relevant to the present investigation. 

2.2 Spray Characteristics 

The characteristics of a spray are very important to the understanding of spray 

cooling and include droplet size, droplet velocity, volume flux and spray distribution.  

Considerable research has been devoted to measuring these characteristics using a variety 

of techniques. Silk [2] made phase Doppler particle analysis (PDPA) measurements of a 

full cone spray at four different cross-sectional planes perpendicular to the spray, each 

getting progressively farther from the nozzle tip.  Mean characteristic droplet diameters 
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and velocities were measured in each plane and reported as functions of distance from the 

nozzle and location in the plane.  Four concentric cylinders were also used to measure the 

volume flux of 6 different full cone spray nozzles from multiple companies at the 

corresponding concentric areas. It was determined that local values of these spray 

characteristics (droplet size, droplet velocity, volume flux) change, at least to some 

degree, with both the spray cone radius and distance from the nozzle.                     

2.2.1 Droplet Size  

Every spray nozzle generates a unique droplet size distribution.  Droplet 

diameters in a spray have been characterized in a variety of different ways. The 

characterization, or type of mean droplet diameter used depends upon the use of the 

spray. Lefebvre [3] gives a general definition for a mean droplet diameter, which is 

1
a a b

j j

ab b

j j

Z d
d

Z d

 
  
  




                                                   (2.1) 

The values of a and b in Equation 2.1 determine the type of mean droplet diameter that is 

calculated. The parameter Zj is the number of droplets with diameter dj. For heat and 

mass transfer applications, droplet volume is important because it is related to the total 

volumetric flow, whereas droplet surface area affects heat and mass transfer.  Therefore, 

it is d32 or the Sauter Mean Diameter (SMD) that is used as the mean droplet diameter of 

a spray, a diameter of a drop with a volume to surface area ratio equivalent to that of the 

whole spray.  
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 An empirical correlation for estimating SMD based on diameter of the nozzle 

orifice, the Weber number and the Reynolds number was developed by Estes and 

Muduwar [4] and is expressed as 

0 0

0.259
1/232

0

3.67 Red d

d
We

d



                                                (2.2) 

The Weber and Reynolds numbers are defined as  

      
 

0

02 /a f

d

p d
We

 




                                                 (2.3) 
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0

1/2

02 /
Re

f f

d

f

p d 




                                               (2.4) 

According to Equations 2.2 through 2.4, d32 is a function of the nozzle diameter, 

spray and ambient fluid properties, and pressure drop across the nozzle.  For a given 

fluid, an increase in pressure drop or a decrease in orifice diameter act to decrease d32.  

An increase in fluid temperature results in a decrease in both surface tension, σ, and 

viscosity, µf, the consequence of which is also a decrease in d32.  Silk [2] showed that 

SMD is a minimum at the center of the spray and increases to a maximum towards the 

periphery.  Between a distance of 10 mm and 35 mm from the nozzle, d32 at the center of 

the spray increased by 25% for two of the flow rates tested, and had little change at the 

highest flow rate.     

Another characteristic droplet diameter is the mass median diameter (MMD), 

defined as the droplet diameter for which half of the liquid volume is contained in 
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droplets in droplets smaller than the MMD.  Lefebvre [3] shows how SMD and MMD are 

related through the Rosin-Rammler distribution parameter, q, which is a measure of the 

spread of a frequency versus droplet size distribution curve. The value of this parameter 

is unique for each spray nozzle and its operating state.  Higher values of q indicate an 

increase in the uniformity of the droplet size distribution, where a value of ∞ indicates 

perfectly uniform droplet sizes.  In practice, spray nozzles have a q value between 1.5 and 

4, with most nozzles having q values between 2 and 2.8.  With these associated q values 

the d32 is generally on the order of 75% of the MMD. 

2.2.2 Droplet Velocity 

The velocity of the droplets is also an important factor in spray characterization.  

The kinetic energy of the droplets after exiting the orifice can be estimated based on a 

global energy balance as:    

2/1

0

2







 


l

P
V


                                                       (2.5) 

Equation 2.5 is the Bernoulli equation neglecting potential and initial kinetic 

energy effects.  Because Equation 2.5 does not take into account the energy required to 

break the liquid stream into droplets, Ghodbane and Holman [5] proposed a modified 

form of Equation 2.5 by adding two additional terms    

                           

2/1

32

2

0

122













d

P
VV

ll

tube





                (2.6) 

This modified Equation, Equation 2.6, accounts for the initial kinetic energy of 

the liquid as it enters the nozzle, 
2

tubeV , as well as the energy required to generate the 
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droplets from the liquid stream. Silk [2] showed that the mean droplet velocity is highest 

at the center of the spray, with values consistently four times higher than those found near 

the periphery.  The distance from the nozzle also significantly influenced the mean 

velocity, with maximum centerline values decreasing by 50% with increasing distance 

within the range tested.       

2.2.3 Volume and Droplet Fluxes 

The droplet number flux is the mean number of droplets passing every second 

through a perpendicular cross-sectional area of the spray cone.  Chen [6,7] showed that 

droplet velocity, V, and number flux, N, are related through droplet number density, n, 

according to  

nVN                                                                 (2.7) 

The number density is a measure of the number of droplets contained within a 

volume in the spray. According to Equation 2.7, N and n are linearly related through 

droplet velocity. 

The mean volumetric flux, "Q , of a spray is the total volumetric flow impinging 

on a surface divided by the area of that surface as defined by 

 " / l sQ m A                                                         (2.8) 

Chen [6,7] collected voluminous data containing a wide range of spray 

characteristics and found that  

6/" 3

32 NdQ                                                          (2.9) 

provides a good estimate of the relationship between "Q , d32, and N.  If the mean volume 

flux and d32 are known either from measurements or correlations, Equation 2.9 allows for 
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the estimation of N.  If the velocity is also known, n can be determined using Equations 

2.7 and 2.9.  In total, 5 parameters have been defined for the characterization of a spray 

( "Q , d32, V, N, and n).  However, these can be reduced to 3 independent parameters ( "Q , 

d32, and V) with the constituent Equations 2.9 and 2.7 to find N and n, respectively.        

2.2.4 Spray Distributions 

 Because the droplet size, velocity and distribution generated by a spray nozzle are 

never perfectly uniform, local values of volumetric flux at an arbitrary area within the 

spray pattern may differ significantly from the mean volumetric flux value.  Silk [2] 

measured local volumetric flux for six different full cone nozzles and one multi-nozzle 

plate using concentric cylinders to capture the fluid that would impinge on a surface 

coincident with the top of the cylinders. As noted previously, the spray area was divided 

into 4 concentric areas.  The local values represent a mean distribution within these 

annular regions.  By normalizing the local volumetric flux with the average volumetric 

flux, a parameter, γ, was defined.  A value of unity for γ indicates that the local 

volumetric flux is equal to the average value.  All of the single spray nozzles tested 

displayed local volumetric fluxes that were heavily weighted towards the periphery, 

appearing more like a hollow cone than a full cone spray.   

Because both the local volumetric flux impinging on a surface is not uniform, and 

a large nozzle to surface height can be required to significantly increase the spray 

coverage area, researchers have been prompted to explore multi-nozzle spray arrays. Silk 

[2] investigated a Parker Hannifin prototype plate with 4 spray nozzles and compared 

results to single full cone nozzles. The local volume flux exhibited the opposite behavior 
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than that of the single nozzles; i.e., the local volumetric flux was heavily weighted near 

the center of the spray coverage area.  The degree of spray overlap between nozzles has a 

strong influence on the hydrodynamics at the heated surface.  If no overlap exists, 

especially at small nozzle-to-surface heights, multiple stagnation zones emerge resulting 

in an accumulation of liquid on the heated surface.  If significant overlap exists, one 

would expect that much of the radial momentum responsible for the stagnation zones 

seen with no overlap has since dissipated due to droplets from adjacent sprays colliding 

and coalescing.  Mean droplet diameters would also be expected to increase when spray 

overlap occurs.           

Pautsch and Shedd [9] investigated 10 different nozzle array geometries.  Multiple 

stagnation zones were also observed for many of the nozzle arrays, however one 

configuration operating at a low flow rate with smaller orifice spacings did not exhibit 

this behavior.                   

2.3 Spray Cooling Background  

2.3.1 Working Fluids    

 Many different working fluids have been studied in spray cooling experiments 

including water, methanol, ammonia and a number of dielectrics such as FC-72, 77, 87, 

PF-5052 and PF-5060.  Water has been shown to provide the highest values of CHF with 

some studies reaching values on the order of 1000 W/cm
2
 [10,11].  However, the lower 

saturation temperatures and the electrical resistance of dielectrics have proved to be 

enticing properties for electronics cooling applications. Saturation temperature directly 

affects the wall temperature during spray cooling due to latent energy transfer associated 
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phase change.  In fact, by adjusting the ambient pressure of the spray environment, the 

saturation temperature of the fluid and ultimately the wall temperature range of the 

cooling curve, can be controlled.    

Lin and Ponnappan [8] specifically studied the influence of working fluid on 

spray cooling heat transfer.  Water, methanol, and fluorocarbons FC-87 and FC-72 were 

investigated using a multi-nozzle array plate spraying onto a 1x2 cm
2
 heated surface.  

Operating temperature and nozzle pressure drop were varied.  Critical heat fluxes reached 

as high as 90 W/cm
2
 with fluorocarbons, 490 W/cm

2
 for methanol, and over 500 W/cm

2
 

with water.  It was concluded that the heat flux increases with volumetric flux for all 

fluids tested.  Also considered in the study was the effect of non-condensable gas (air) in 

the FC-72.  Both a positive shift in temperature and an increase in slope were observed in 

the low temperature regime of the cooling curve.  The shift lead to a heat transfer 

degradation in the single-phase region and the first half of the two-phase region, whereas 

the increase in slope resulted in enhancements in heat transfer towards the upper end of 

the two-phase region and in CHF.     

 Silk et al. [12] sprayed multiple surface geometries with a 2x2 nozzle array and 

PF-5060 as the working fluid. PF-5060 was tested under two conditions: degassed and 

dissolved with N2 at a concentration of 3821 ppm.  Results, compared for each surface, 

suggest that the presence of dissolved gas delayed the transition between low, 

intermediate, and high heat flux regimes.  An improvement in CHF for the dissolved N2 

case was observed with all surfaces. Kim et al. [13] also investigated spray cooling with a 

single nozzle using air dissolved in FC-72.  It was concluded that the presence of air in 
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the working fluid caused a shift in the saturation temperature effectively increasing the 

sub-cooling of the fluid.  An increase in CHF was also observed. These finding 

confirmed trends observed in [8] and [12].  Jiang and Dhir [14] studied the influence of 

non-condensable gas content in water spray cooling and attained similar results.     

 Estes and Muduwar [4] performed spray cooling experiments to study the 

influence of nozzle type, working fluid, fluid subcooling, and spray volumetric flux.  A 

correlation for estimating d32 was presented for water and FC-72.  Data were acquired 

using PDPA techniques on sprays produced from 3 nozzles of orifice diameter 0.762, 

1.19, and 1.70 mm. It was found that d32 correlated well to a Weber number and 

Reynolds number with a claimed accuracy of ±12 %. Cooling curves for water, FC-72 

and FC-87 were generated for multiple subcoolings and volumetric fluxes.  It was found 

that CHF increases with increasing volumetric flux and subcooling, and with decreasing 

droplet size. Water yielded the highest values of CHF.  A single correlation for CHF was 

presented  
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which accounts for working fluid, heater size, nozzle diameter and spray angle.  Also 

included are flow conditions, including fluid subcooling, nozzle pressure drop, 

volumetric flux and droplet diameter.  The accuracy of this correlation is declared to be 

±13 %. 

 Visaria and Mudawar [15] further increased their database by spraying FC-77 

onto a 1x1 cm
2
 surface for multiple volumetric flow rates and subcoolings ranging from 

3.5   10
-6

 to 24   10
-6

 m
3
/s and 26 to 72 °C, respectively.  Critical heat flux values as 
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high as 349 W/cm
2
 were achieved at the highest subcooling and volumetric flow 

conditions.  Results of the study suggest that while a higher subcooling increases the 

single-phase heat transfer coefficient and the CHF, it also delays the onset of boiling.   

The result is a decrease in slope in the two-phase region on the cooling curve and a lower 

two-phase heat transfer coefficient.  The coefficient of 0.0019 in Equation 2.10 was 

slightly increased, to reflect a higher dependence of CHF on liquid subcooling than what 

was previously thought to be the case.   

2.3.2 Spray Characteristics 

 It is widely accepted that spray characteristics have a strong influence on the heat 

transfer behavior both qualitatively and quantitatively.  Generally, in a external 

convective heat transfer process an increase in flow rate serves to increase the convection 

coefficient.  However the influence of flow rate on spray cooling heat transfer is less 

clear.  This is likely due to the number of variables that characterize the flow rate of a 

spray.  The definitions of these variables, and their relation to volumetric flux, were 

discussed in section 2.2; however, their relative contribution to overall heat transfer is 

still under debate.    

 The research group supervised by Mudawar have accumulated significant 

amounts of spray cooling data for multiple fluids, subcooling values, volumetric fluxes, 

sauter mean diameters, and nozzle and surface orientations [4, 15, 16, 17].  In [16], 

correlations for heat transfer in the single-phase, two-phase and CHF regimes were 

developed and presented.  The single-phase correlation 
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was developed from data acquired with water and PF-5052 as the working fluids. The 

Nusselt number  

                          
32

32"
d

w f

dq
Nu

T T k




                                                   (2.12)                      

is based on d32.  The Reynolds number  
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and Prandtl number are based on the spray.  The length and velocity scales used for the 

Reynolds number are d32 and average volumetric flux, respectively.  The correlation fit 

the data with an overall mean absolute error of ± 13%.   

The heat transfer coefficient in the two-phase regime, referred to in [16] as the 

nucleate boiling regime, was correlated to working and ambient fluid properties, the 

spray characteristics d32 and Q , and fluid subcooling.  It was given as  
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with a claimed error of ± 23%.   

Also studied in [16] was the effect of an upward oriented spray onto a square 

heated surface using PF-5052.  It was determined that the heated surface orientation with 

respect to gravity has a negligible effect on spray cooling performance as long as excess 

liquid is free to drain from the surface.  Conclusions drawn from this study [16] 
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emphasized that d32 and Q  are the critical fluid mechanistic parameters in the single-

phase, two-phase, and CHF spray cooling heat transfer regimes, and that heated surface 

orientation has no discernable effect on heat transfer. 

 Hsieh and Yao [18] also studied the influence of surface orientation with respect 

to gravity on spray cooling heat transfer.  Normal facing water sprays were tested on 

plain and micro-structured silicon surfaces with their normal vectors at 0, 90, and 180° 

angles with respect to gravity.  Unlike [16] it was found that downward facing surfaces 

exhibited heat transfer degradation compared with upward facing surfaces.  The authors 

attribute this to liquid detachment from the solid surface due to gravity, and droplet 

deceleration due to gravity and to vapor generated at the heat surface opposing the 

droplet momentum.                             

 Chen et al. [6, 7] are considered the first to have independently varied d32, V, and 

N and to have quantified the contribution of these parameters on heat transfer. Data were 

acquire using PDPA techniques and 20 different nozzles and multiple nozzle pressure 

drops and nozzle to surface distances, providing more than 3000 combinations of these 

three spray parameters. The working fluid was water and the heated surface was a 1 cm
2
 

circular area of copper.  It was determined that CHF was fairly independent of d32 and 

that V, followed by N, were the most important spray characteristics.  Mass flow rate (or 

volumetric flux) was shown not to be a controlling parameter of CHF.  This, along with 

the conclusion about d32, is in direct contradiction to the results reported by Mudawar [4, 

15, 16, 17].  Evaporation efficiency on the other hand was revealed to be strongly 
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dependent upon d32 in [7]. Ultimately it was concluded that to get the highest CHF with 

the least amount of liquid used, sprays with a small d32 and high V are optimal. 

 Schmidt and Boye [19] also investigated the influence of droplet diameter and 

velocity on spray cooling heat transfer.  Radial profiles of droplet diameter and droplet 

velocity within the spray were measured with a particle dynamic analysis (PDA) system.  

Droplet diameters ranged from 30 to 110 microns and velocities ranged from 3.7 to 6.7 

m/s.  Results showed that the droplet diameter has very little influence on heat transfer as 

opposed to droplet velocity which has a strong affect.  While varying the droplet diameter 

the velocity and volumetric flux were held constant.  The results therefore suggest that 

changes in droplet number flux have little influence on heat transfer.  These results, while 

being more consistent with those of Chen than of Mudawar, still leave much debate as to 

which spray characteristics are most important in determining heat transfer performance 

and for what ranges these conclusions may be valid.              

 Silk et al. [20] sprayed PF-5060 through a 2x2 nozzle array onto flat and 

structured surfaces with the axis of symmetry of the spray rotated about the center of the 

impinging disc.   
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Results of the study showed that for a flat surface, CHF was increased by 23% for 

a nozzle angle of 15° relative to that for the 0° angle case.  For rows of straight-finned 

surface structures, spray axis inclination angle had little to no effect on the CHF with 

values falling within or close to experimental uncertainty.   

Pautsch and Shedd [9] compared spray cooling with multi-nozzle arrays with 

results from a single nozzle.  Several array patterns were tested with FC-72 as the 

working fluid.  Results of the study showed that for a single nozzle the local heat flux is a 

minimum near the periphery of the heated surface, whereas for the multi-nozzle arrays 

the local minimum heat flux was closer to the center of the heated surface.  This is 

believed to occur because of stagnation zones forming on the surface where spray 

patterns interact.  In general, it was found that multi-nozzle arrays had higher peak heat 

Figure 2.2 Images of spray nozzle-to-surface orientation for tested 

for flat, and straight groove structured surfaces, Silk [2] 
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fluxes, but lower efficiencies due to interactions between sprays.  The specific pattern of 

the arrays seemed to have little effect on heat transfer performance.                                             

2.3.3 Surface Features 

 Spray cooling heat transfer has been shown to depend on characteristics of the 

impinging surface, such as the size and shape, relative roughness, and the addition of 

various surface enhancements. Few studies appear to have isolated the influence of 

impingement surface material on spray cooling heat transfer, with a majority of 

experiments conducted with pure copper. Conversely, study of surface roughness, and 

more recently of surface enhancements, has received considerable attention.   

 Hsieh and Yao [18] compared low and high mass flux water sprays of 1.50 and 

4.41 g/cm
2
min on flat aluminum (Al) and silicon (Si) surfaces 25.2 x 25.2 mm

2
 in area.  

For the high mass flux case, little difference with material was observed until the wall 

temperature surpassed the fluid saturation temperature.  At this point, the aluminum 

surface had a heat flux approximately 10% higher than the silicon surface at the same 

temperature.  For the low mass flux case heat transfer improved on the Al surface relative  

to the Si surface at a lower wall temperature than for the high mass flux case.  The most 

pronounced increase for both mass flux cases occurred at wall temperatures above the 

fluid saturation temperature.  

 The effects of surface roughness on spray cooling heat transfer were studied by 

Chow et al. [21].  Water at multiple flow rates was sprayed onto three copper surfaces of 

varying roughness.  The surface roughness was altered by using sandpaper of grit size 

0.3, 14 and 22 microns.  For all surfaces, heat flux increased with spray flow rate at a 
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given wall temperature. Contradictory to pool boiling, studies the heat flux was shown to 

improve with a decreased grit size.  In fact, for the 0.3 micron case the spray cooling 

curve actually exhibited a negative slope and superheat in the two phase region. 

Mudawar et al. [23] also investigated surface roughness effects on spray cooling 

up to the Leidenfrost temperature by testing polished, particle blasted, and rough sanded 

surfaces.  Results were opposite to those reported by [21], with a higher CHF occurring 

with rougher surfaces. 

The effect of different surface structures on spray cooling performance has 

recently been investigated.  Studies have shown that the addition of structures with 

dimensions ranging from micro to mini scales can significantly improve heat flux at a 

given wall superheat when compared to a flat surface.  It should be noted that in all of 

these studies the heat flux is based on the projected area as opposed to the wetted area.  

Water was sprayed on a diamond laminated surface in the studies conducted by 

Chow et al. [22].  Significant heat transfer enhancement was attained over a flat surface; 

however, difficulties in obtaining a uniform bond across the laminated surface resulted in 

cracking and separation of the diamond laminate.   

 Kim et al. [24] studied spray cooling with water at various flow rates onto 

aluminum particle, micro-porous coated surfaces.  To optimize heat flux enhancement, 

particle sizes ranging from 10 to 200 microns and multiple coating thicknesses were 

tested.  Particle size was shown to have a negligible influence on heat transfer, particle 

deposits between 8 and 12 microns were studied due to ease of application.  A coating 

thickness of 100 microns was determined to be optimal with heat fluxes on the order of 
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50% higher than the plain surface with identical spray conditions.  However, heat flux 

enhancement was not observed until the two-phase region was reached.  In fact, the 

single phase region showed almost no dependence on volumetric flow rate within the 

range of 1.29 to 2.4 ml/min. Flow rate effects only became apparent in the two-phase 

region.                                        

 Coursey et al. [25] sprayed PF-5060 onto multiple 1.41 × 1.41 cm
2
 square 

surfaces with rows of plane fins varying in height from 0.25 to 5 mm.  The fin thickness 

and gap width were fixed at 0.36 and 0.5 mm, respectively.  PF-5060 was chosen for its 

dielectic properties and saturation temperature of 56˚C at standard pressure.  The flow 

rate was changed by changing the pressure drop across the nozzle at a fixed nozzle to 

surface distance.  In the single-phase regime the finned surfaces outperformed the flat 

surface, with the longest fins yielding heat transfer enhancements as high 100%.  For the 

two-phase regime heat flux enhancements with fins over flat surfaces were even greater.  

Heat flux versus wall temperature plots as a function of fin lengths show that the 

intermediate length fins performed better than the larger length fins in the two-phase 

regime.  Unfortunately, heat flux limitations in the experiment did not allow CHF to be 

reached for the two highest flow rates.  Qualitatively, the addition of fins caused cooling 

curves to shift to the left and increase in slope in the single- and two-phase regimes.    

 Silk et al. [12] investigated a number of surface geometries such as straight fins, 

cubic fins, thin straight fins, straight fins with cubic fins on top, dimples, straight fins 

with dimples, radial fins, and porous tunnels.  All geometries tested showed an 

improvement in heat flux for a given wall temperature relative to the flat surface.  
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Interestingly, the straight and radial fin orientations and the porous tunnel geometries 

seemed to perform the best.  At a wall temperature of 70 ˚C, the CHF for the flat surface 

was reached at 80 W/cm
2
, whereas the radial fin geometry reached CHF at 136 W/cm

2
.  

These results encourage further exploration in the spray cooling enhancement capabilities 

of radial fin geometries.     

 Sodtke and Stephan [26] varied distance between the nozzle and impingement 

surface, both flat and micro-structured. It was determined that while for many cases a 

smaller nozzle-to-surface distance yielded a higher heat flux, for a flat plate in a small 

range of wall superheats (4 to 6 ˚C) a higher heat flux was actually achieved with a larger 

surface-to-nozzle spacing.  This result is inconsistent with other spray cooling studies; 

however, the authors were able to explain this trend using infrared images and high 

resolution temperature measurements. Quantified were the effects of wetted area and 3-

phase contact line length on the surface heat flux.  Results of the study demonstrated that 

the heat flux in the 4 to 6 ˚C wall superheat range scaled with the 3-phase contact line 

length, rather than with the wetted area.  At a large nozzle to surface spacing, the lower 

volumetric flux allows for the thin liquid film to rupture at more spatial locations, 

creating an appreciable increase in heat flux.  The behavior of heat flux with nozzle 

spacing for micro-structured surfaces showed different trends than that of the flat surface.   

 In the study of Sodtke and Stephan [26], three different surface structures were 

tested. Pyramids with dimensions ranging from 75 to 225 microns in height and 150 to 

450 microns in width at the base were machined on copper faces.  The pyramids with the 

smallest dimensions performed the same as the smooth surface until a certain wall 
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superheat was reached.  It is believed that at this superheat the liquid film thickness 

decreased allowing for the tops of the pyramids to protrude above the liquid surface.  

Capillary forces then drew the liquid up the pyramid walls increasing the contact line 

length with the effect of not only improving heat flux when compared to a flat surface at 

the same temperature, but actually causing the superheat temperature to decrease before 

increasing again with heat flux.  This created a unique almost S-shaped cooling curve, 

unlike any seen in the prior literature.  The medium sized geometry qualitatively showed 

the same trend.  The largest sized pyramids showed this trend only for the largest nozzle 

spacing. For smaller nozzle spacings, this behavior was not observed for the largest 

pyramids.  

 In general, the results of the study by Sodtke and Stephan [26], showed that at low 

wall superheats (-3 to 1 ˚C) where single-phase convective heat transfer dominates, the 

surface geometries had very little affect on the cooling performance compared with the 

flat surface case. For certain conditions of wall superheats (4 to 6 ˚C) and surface 

structure scale, increasing the nozzle spacing (and hence decreasing the volumetric flux) 

actually improved the cooling performance.  At higher wall superheats (> 6 ˚C), 

decreasing the nozzle spacing improved the cooling performance.  One important 

observation made was that it was determined that the temperature distribution on the 

heated surface is approximately constant, as long as the spray covers the entire surface.  

As the nozzle is brought closer to the surface, it reaches a point where the spray no longer 

completely covers the surface and the temperature near the periphery was shown to differ 

by as much as +18 °C from that of the center. As long as the entire surface is being 
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sprayed, the authors reported no significant influence of the nozzle spacing on the 

temperature variations across the heated surface.   

 Hsieh and Yao [18] made some very interesting conclusions in their study of 

water spray cooling on micro-structured silicon surfaces.  Square pegs of differing base 

(160 to 480 μm) and height (333 to 454 μm) dimensions were studied.  Two spacing were 

considered: 120 and 360 μm.  Pegs with the smallest dimensions showed the greatest 

improvement in heat transfer (~15%).  The authors explain their results using the Bond 

(Bo) number  

 / l g
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                                             (2.15) 

The Bond number is defined as a measure of gravitational versus surface tension forces, 

the latter of which arise from the micro-structured surface geometry.  Narrower groove 

widths, W, corresponding to a Bond number of 0.044 were hypothesized to promote 

better liquid spreadability due to the capillary forces counteracting the surface tension 

force.  It was proposed that the enhancement in heat transfer was due to a thinner liquid 

film on the surface.  This effect is diminished as the Bond number decreases beyond a 

certain value, characterized by grooves that are so narrow that they do not allow the 

droplets to even reach the bottom of the grooves.  Obviously this inhibits heat transfer.  A 

Bond number approaching zero should show behavior that approaches that of a flat plate.  

Likewise, data for large peg spacing (Bo = 0.130) yielded similar heat transfer trends as 

those of a flat plate.  However, as partial dryout began, the peg surface performed worse 

than the flat surface.  Hsieh and Yao [18] therefore concluded that Bond numbers that are 
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too large or too small perform worse than intermediate values of the Bond number.  A 

logical conclusion is that there may be an optimum Bond number for micro-structured 

surfaces.  However, as noted by Hsieh and Yao [18], also contributing to the observations 

in heat transfer is the heat transfer area corresponding to the bottom of the grooves, as 

well as the wettability of the surface.  

2.2.4   Summary 

 Considerable experimental research has been conducted on spray cooling with the 

goal of advancing the knowledge of the underlying mechanisms driving the heat transfer.  

A plethora of parameters involving the working fluid, nozzle and spray geometry, spray 

characteristics, heated surface characteristics, nozzle and surface orientations, and 

ambient conditions have been shown to influence spray cooling heat transfer.  In some 

cases this has resulted in inconsistent trends and conclusions reported for seemingly 

similar conditions.   

 In general, however, it can be said that for a given nozzle decreasing the 

volumetric flux by either decreasing the pressure supply or increasing the nozzle-to-

surface distance serves to decrease the heat flux, although this is not always the case [26].  

Droplet diameter has some effect on heat transfer; however, the strength of its influence 

is still under debate.  Droplet velocity, when isolated, has been consistently shown to 

have a strong influence on spray cooling heat transfer; the higher the better performance. 

While surface material can have some effect on heat transfer, increasing surface 

roughness has been shown to both significantly improve and degrade heat transfer [21, 

23].  
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 Mini and micro-scale surface structures have recently gained interest and have 

generally proven to enhance heat transfer in the two-phase region. In the case of mini 

structures, improvements in heat transfer were identified in the single-phase region as 

well.  The exact mechanisms behind the observed enhancement are still being 

determined, although for the two-phase region at low wall superheats the heat flux has 

been shown to scale with the 3-phase contact line length. Results from Hsieh and Yao 

[18] and Sodtke and Stephan [26] are of particular interest due to the similarity in fluid, 

flow and surface enhancement dimensions to those in this study.  Similarly, the results 

from Silk [2] are relevant due to the radial orientation of the fins that were studied.    
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Chapter 3 

Problem Statement 

3.1 Hypothesis 

 Micro-structured grooves and fins fabricated on the impinging surface have been 

shown to significantly improve heat transfer performance in spray cooling, especially in 

the two-phase and CHF regions.  Those fins configured as straight parallel lines of some 

depth and width, generally span the impingement surface. While heat transfer 

performance is improved, this surface structure configuration can lead to walls of the 

fins, particularly those near the periphery of the surface, being shielded from direct 

droplet impact.  Therefore these surfaces may be deprived of the heat transfer benefits of 

impinging sprays and likely succumb to local wall temperature non-uniformities.  If a 

groove or fin configuration can be designed that eliminates the possibility of the walls 

being completely shielded from droplet impact, it could be inferred that additional heat 

transfer enhancement may be attainable.  

 Little research on spray cooling has been done with surface structures on the order 

of 50 microns in height and 100 microns in groove width. In [26] pyramids of 75 micron 

height, and a peak to peak distance of 150 microns were shown to enhance heat transfer 

more than similar pyramids of larger dimensions. Considerable research by Pence et al. 

[28] has shown that for internal flow, fractal-like branching micro-channels can maintain 

sufficiently high overall heat transfer with a decreased pressure drop and flow power 

requirement compared to straight channel arrays.  With regards to spray cooling, this 

geometry appears promising due to its symmetry and wicking potential of the grooves 
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toward the periphery of the heat transfer surface where CHF is known to commence. 

While straight grooves may act to inhibit or even eliminate flow on the surface transverse 

to the alignment of the groove, radial geometries are expected to offer a path more 

receptive to the droplets momentum [2].  Ideally this could improve flow within the 

micro-structures leading to enhanced heat transfer.   

3.2 Objectives 

3.2.1 Focus of Study  

  The focus of this study is to investigate the single-phase, two-phase, and CHF 

regimes of subcooled water spray cooling on flow-symmetric micro-structured surfaces.  

Numerous fin structures of various dimensions have been previously studied by a variety 

of research groups and shown to enhance heat transfer. However, very few structures 

have exhibited symmetry or orientations consistent with the preferential direction of flow. 

Even fewer have studied structures with dimensions on the scale of 50 microns.  A 

distinct difference in the shape and position of the spray cooling curve has been observed 

between high and low mass flow conditions, especially in the two-phase region [18, 26].  

Therefore, testing a fairly wide range of volume flux conditions should provide a more 

complete picture of the effects of micro-structured surfaces on spray cooling heat transfer 

performance. 

3.2.2 Test Conditions   

 Non-degassed, de-ionized water at five volumetric flux conditions ranging from 

0.54 to 2.04 x 10
-3

 m
3
/m

2
s were investigated.  Three different 37.8 mm nickel discs were 

used.  Two had micro-structures and one was flat for use as a base comparison.  The 
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micro-structured surfaces were of a fractal pattern; one with grooves, the other with fins. 

The depth of the fin structure was 50 microns and remained constant, whereas the groove 

structure depths varied from 30 to 60 microns depending on the location.  The discs were 

attached to a copper heater block using a high thermal conductivity silicon interface 

material with known thermal resistance. The surfaces were sprayed with water at 63.5 °C, 

and a nozzle pressure drop of 434 kPa.  In all experiments atomization is achieved by 

way of the same full cone pressure-swirl spray nozzle discharging into an ambient 

environment of air at standard temperature and pressure.  The combination of these 

conditions produced a constant total flow rate exiting the nozzle of 4.53 g/s throughout 

testing.  Volumetric flux was varied by changing the nozzle-to-surface distance.  Heat 

flux was varied from ~15 W/cm
2
 to CHF for all but the highest volume flux condition 

where CHF was not reached.                          

3.2.3 Parameters of Interest  

 Ultimately it is the wall temperature and heat flux that are the primary parameters 

of interest. These values are calculated through known temperatures, material properties 

and thermocouple locations in the copper region just below the impingement surface.  

Knowledge of the fluid temperature exiting the nozzle also allows for a convection 

coefficient to be calculated; a parameter which is often used for the comparison of 

different cooling methods and their capabilities.  The mean volumetric flux was measured 

by a catch and weigh method, a necessary variable for calculating the evaporation 

efficiency.  Heat transfer enhancements or degradations with the structured surfaces will 



                                                                                                                                       33 

 

be reported relative to the unstructured surface for a given volume flux and wall 

temperature condition. 

 

 

 

      

Test Matrix 

Q  (m
3
/m

2
s) 

Nozzle-to-

Surface Distance 

(cm) 

q  (W/cm
2
) 

0.54 63.3 17  CHF 

0.9 53.9 17  CHF 

1.36 47.6 17  CHF 

1.69 44.4 17  CHF 

2.04 41.2 17  * 

  * CHF was not reached 

 

 

 

 

 

          

   

 

 

 

Table 3.1 Test matrix conducted for each surface   
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Chapter 4 

Experimental Setup 

4.1 Flow Loop  

 A semi-closed flow loop (Fig. 4.1) was used for the spray cooling experiments.   

 

Water Bath

Flow Meter
PT

Spray Nozzle

Test Chamber

Ball ValveFilter

Gear Pump

Vapor Condenser

Inlet

Outlet

 

 

 

De-ionized water (not degassed) is brought from room temperature to 69 °C in a Hart 

Scientific (model 7320) hot water bath and then drawn through a magnetic drive gear 

pump (Micro-Pump Series GB), pressurizing the water.  Fluid flow rate, temperature, and 

pressure at the nozzle were measured with a rotameter flow meter, K-type thermocouple, 

and pressure transducer, respectively.  The flow meter was located between the pump and 

nozzle, whereas the thermocouple and pressure transducer were located just upstream of 

the nozzle. A full cone spray pattern was generated using a pressure-swirl atomization 

nozzle (Spraying Systems TG0.3) with an orifice diameter of 0.51 mm, and a maximum 

Figure 4.1 Schematic of flow loop used in spray cooling experiments  
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free passage diameter of 0.41 mm.  A filter inside the nozzle assembly stops particles 

larger than the maximum free passage diameter from entering the swirl chamber.  Vapor 

generated during the cooling of the impingement surface is condensed and combined with 

the liquid collected in the test chamber. The water flows back to the water bath using 

gravity, completing the loop.  The term semi-closed is used because the test chamber and 

hot water bath are not completely sealed from the environment.   

4.2   Spray Conditions and Characteristics 

 The total flow rate exiting the nozzle was held constant at 4.53 g/s.  This was 

assured by frequently monitoring the rotometer reading and adjusting the pump setting 

when the flow rate deviated from the nominal amount by more than ±1%.  The 

corresponding pressure drop across the spray nozzle at this flow rate was 434.4 kPa.  

Although fluctuations in the pressure reading reached as high as ±21 kPa, it had an 

insignificant effect on the total flow rate. The spray angle at these conditions was 

estimated from an image taken with a scale in view, which is shown in Figure 4.2.  

  

 

 
Figure 4.2 Image of spray with cone angle  
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The estimated spray angle using this method was 68°.  The SMD at these conditions was 

calculated using Equations 2.2 through 2.4 to be 90 µm.  

 Using Equation 2.6, the droplet velocity exiting the nozzle was estimated to be 29 

m/s. This should be considered an upper limit since the terminal velocity of droplets in 

this size range is well below the nozzle exit velocity, resulting in a deceleration during 

the time it takes to reach the surface. No direct measurement of droplet velocities was 

carried out. The volumetric flux was varied by changing the nozzle-to-surface height.  

Five values of volumetric flux were chosen for testing ranging between 0.54 and 2.04 x 

10
-3

 m
3
/m

2
s. A range of 0.31 to 3.10 x 10

-3
 m

3
/m

2
s was calibrated through catch and 

weigh experiments, where the nozzle-to-surface distance was varied from 33 to 79 mm.  

Details of this volumetric flux calibration can be found in Chapter 5.1.  Applying 

Equation 2.9 with an assumption of a constant SMD, the number flux corresponding to 

these volumetric flux conditions ranged from 141 x 10
3
 to 534 x 10

3
 droplets/cm

2
s.   A 

summary of these conditions is given in Table 4.1. 

 

 

Nozzle Flow Conditions Spray Conditions 
Ambient 

Conditions 

 om  (g/s) oP  (kPa)  o  d32 (µm) 
Vo 

(m/s) 

Tatm 

(°C) 

Patm 

(kPa) 

4.53  434.4  68.4° 90 29 40 - 60   101.3  

        

 

 

Table 4.1 Nozzle and spray conditions during testing 
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4.3 Experimental Apparatus 

 The experimental apparatus shown in Figure 4.3 consists of the flow loop, power 

supplies, data acquisition equipment and the test rig. The test rig shown in Figure 4.4 

consists of a plexiglass chamber enclosing the nozzle assembly, a vapor condenser, a 

water collection plenum, and a heater assembly.  The spray nozzle was mounted to a  

 

 

 

vertical translation stage capable of varying the nozzle height from 0 to 10 cm with a 

resolution of 0.2 mm, and a total error in height of 0.25 mm.  The vapor condenser was 

fabricated in house by coiling a copper tube 1 m in length and with a 3 mm inner 

diameter.  Tap water at room temperature provided the coolant.   

Figure 4.3 Photograph of experimental apparatus used 

in spray cooling tests 
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 The heater assembly and housing shown in Figure 4.5 contains a cylindrical 

copper block with a tapered neck towards the top to match the size of the heat sink. 

Embedded in the copper block are 2000 W ceramic heaters (Watlow Co.).  Insulation is 

wrapped everywhere except the top where the thermal interface material and test surface 

are placed.  A stainless steel shroud encases these components and silicone rubber beads 

between the 2 stainless steel pieces and between the Teflon and copper, isolates the 

electrical components and insulation from water.  A conical Teflon cap fabricated by 

STH Machining was placed at the top allowing for excess water to drain freely from the 

test surface.  The cap also acts to insulate the periphery of the copper block in that region.    

  

 

Figure 4.4 Experimental test rig and its components  
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A computational model was generated in ANSYS to predict temperature distributions and 

heat flow lines in the neck region where temperature data is collected. Results of this 

model are found in Appendix A. Six uniformly spaced thermocouples, as shown in 

Figure 4.6, are imbedded in the neck of the copper heater assembly for computing heat 

flux and wall temperature.  The test surfaces to be investigated are held in place on top of 

the copper block using a thin layer of thermal interface material (Bergquist, Gap Filler 

2000).  The thickness of the thermal interface material was on the order of 0.12 ±0.01 

mm.       

 

            

Figure 4.5 Cross-sectional view of heater assembly and housing  
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 The power supply for the cartridge heaters (Instruments Supply Co.) contained a 

proportional-integral-derivative (PID) temperature controller.  The PID controller was 

manually tuned to provide minimal overshoot and oscillations and a reasonable time to 

reach steady state.  A high-temperature limit alarm was installed in the power control box 

to ensure that the maximum operating temperature of 700 ˚C for the ceramic heaters was 

not exceeded.  The copper cylinder containing the ceramic heaters was sealed with high 

temperature silicone to avoid water from reaching the electrical components.  In addition, 

Figure 4.6 Scale cross sectional view of thermocouple locations, thermal interface 

material, and test surface  
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a ground fault circuit interrupter (GFCI) rated to 50A was installed in the 240V AC line 

supplying power to the heaters.  The function of the GFCI is to provide an automatic 

safety shutoff that engages when a difference is measured between the current in each 

120V AC phase.  This ensures that the AC power supplied will be immediately be shut 

off if any current is sent somewhere other than to the heaters. A final safety measure was 

taken by isolating the test rig from any metallic substances with wood spacers.             

4.4   Data Acquisition and Uncertainty 

 Voltage data from thermocouples and transducers were acquired using National 

Instruments Co. (NI) acquisition boards and Labview version 8.1 software.  The data 

acquisition boards include a NI PCI-6220 DAQ board within a Dell desktop computer, a 

SCXI-1000 4-slot chassis housing a SCXI-1122 16-channel isolated transducer 

multiplexer and a SCXI-1322 temperature sensor terminal block. A NI USB-6009 multi-

function DAQ board was used to acquire voltage from the pressure and current 

transducers.     

 The PCI-6220 is a multi-function DAQ board equipped with 16 analog inputs, 24 

digital I/O ports, and two 32-bit counter timers.  It handles digital, frequency, quadrature 

encoder, and voltage measurement types.  The SCXI-1122 transducer multiplexer 

switches between channels with a mechanical gate that is subject to wear and fatigue for 

high frequency sampling.  To alleviate this problem, a LabView program was written to 

perform “software-driven sampling” where the multiplexer acquires the temperature 

signal from a single channel on the SCXI-1322 terminal block at a frequency of 1000 Hz 

for 1 s, sends the mean value to the PCI-6220 board, and then moves to the next channel. 
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With a total of seven thermocouples, it takes approximately 10 s for the multiplexer to 

cycle through all seven channels completing one replication, and 90 s to finish the nine 

replications.  Each point on a graph consists of nine temperature replications.  Details of 

the LabView program are in Appendix B.      

 Temperature data in the copper neck were measured with six 0.51 mm diameter 

Omega (Model KMQXL-020U) K-Type thermocouples.  The calibrated uncertainty of 

these thermocouples ranged from 0.6 to 0.9 ˚C. The calibration was conducted using a 

high-temperature oven over the temperature range of 25 to 500 °C.   

 Fluid pressure was measured using a Cole-Parmer (Model 68074-12) pressure 

transducer with a range of 0 to 6.9 MPa and a full scale uncertainty of 3% (15 mV).  

Voltage signals from the pressure transducer were acquired with the USB-6009 DAQ 

during the same time that the temperature acquisition occurred.  Frequency and duration 

of the data acquisition were controlled through LabView.  Fluid temperature was 

measured using a T-type pipe plug thermocouple having a maximum temperature rating 

of 650 °C.  The calibrated uncertainty in this thermocouple reading was determined to be 

0.4 ˚C.  Flow rate was measured with a rotameter flow meter (Aalborg Model 044-40) 

valid for flow rates in the range of 0.25 to 9 g/s, with a resolution of 0.065 g/s and a full 

scale uncertainty of ±1%.  

 A 0-50 Amp CR Magnetics (Model 4320) current transducer allowed for 

calculation of the power supplied to the cartridge heaters by measuring the RMS current 

and outputting a 4 to 20 mA direct current (DC) signal.      
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Figure 4.7 shows the wiring diagram for the current transducer where IINPUT is the AC 

signal being measured, ICONTROL is the current provided by the power supply to keep a 

constant voltage supply of 24 V, and ILOOP is the DC output of the transducer.  By 

measuring the voltage drop across the 39 Ohm resistor, the output current and ultimately 

the average root-mean-square (RMS) alternating current input can be calculated through 

Ohm‟s Law. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Wiring diagram for alternating current transducer (Adapted from 

CRMagnetics)  
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Chapter 5 

Test Plan 

A test plan for obtaining spray cooling heat transfer curves was facilitated by 

utilizing the CHF in Equation 2.10 to estimate volume flux operating points.  Volume 

flux was then calibrated as a function of nozzle-to-surface distance.    

5.1 Volumetric Flux 

 In practice, the volumetric flux impinging on a surface can be adjusted by either 

changing the pressure drop across the nozzle, or the nozzle-to-surface distance.  Droplet 

velocity and d32 depend strongly on the nozzle pressure drop. Adjusting volume flux in 

this way is useful for insight towards efficient operating states in terms of heat removal 

and pumping power, and helpful in attaining various combinations of spray conditions in 

large parametric studies.   

 By changing the nozzle-to-surface distance to vary volumetric flux, d32 remains 

constant [2] and the effect of droplet number flux can be isolated.  The resulting change 

in droplet number flux on a surface of fixed area can be attributed to two processes.  For 

droplets exiting the nozzle at velocities greater than the terminal velocity, hydrodynamic 

drag forces from the ambient fluid immediately act to reduce the velocity. At the same 

time, the cone angle of the spray causes dispersion of the droplets such that the cross-

sectional area of the spray increases. The result is a decrease in the number density of 

droplets. Given knowledge of droplet velocity, V, and the number density of the droplets, 

n, the number flux, N, of the droplets can be ascertained from Equation 2.7. 
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While the volume flux impinging on a surface of fixed area can be adjusted with 

nozzle-to-surface height variations, the exact relationship between the two is specific for 

each nozzle and its operating state.  A relatively simple relation based on geometric 

considerations and on an assumption that the average mass flux is constant over both the 

entire circular spray footprint area, and the heated surface area, hD , at any nozzle to 

surface height.      

                                                
 

2

2 tan( / 2)

s

tot

DQ

Q H 

 
  

  
                                      (5.1) 

In Equation 5.1, H is the nozzle-to-surface height, α is the spray cone angle, and Q / totQ   

is the fraction of spray incident on the heated surface. Evident from Equation 5.1 is that 

for a fixed heated surface diameter, 
sD , large values of α and small values of H, a small 

change in H yields large changes in Q / totQ  .  For a small value of α, and/or a large value 

of H, Q / totQ   is fairly insensitive to changes in height. Details of the derivation of 

Equation 5.1 are in Appendix C.   

 Mudawar and Estes [27] developed a volume flux model to account for non-

uniformities in volume flux, based on observations that the local volumetric flux is lower 

near the heated surface periphery than at the center. The model is formulated with the 

assumption that the volume flux is constant on a 3-dimensional surface defined by an 

imaginary section of a sphere normal to the spray cone.  The model proposed by [27] is   
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                                      (5.2) 

 

Equations 5.1 and 5.2 both rely on the spray cone angle, α, heated surface diameter Dh, 

and the nozzle-to-surface distance, H.  In both cases the assumption of uniform volume 

flux is made; however, a difference exists as to the surface are where the flux is assumed 

uniform.  Both equations are only valid for nozzle-to-surface heights greater than what 

would cause the spray footprint to perfectly inscribe the heated surface.  Results of the 

volumetric flux calibration, described in Appendix C, are shown in Figure 5.1.  Also 

provided in Figure 5.1 are predictions from Equations 5.1 and 5.2 for comparison.       
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Figure 5.1 Calibration experimental data for volumetric flux, hQ  , 

versus nozzle to surface distance, H, with predictions from models     
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In Figure 5.1 for H less than 4.5 cm Equation 5.1 underestimates the measured mean 

volumetric flux.  This is in agreement with conclusions made in [27].  At distances 

greater than 4.5 cm, Equation 5.1 overestimates the calibration data.  On the other hand, 

Equation 5.2 does well at estimating volumetric flux for nozzle-to-surface distances less 

than 4 cm, but grossly overestimates for larger values of H.   

 The discrepancy between predicted and measured volumetric flux at distances 

over 4 cm, is most likely due to a non-uniform volumetric flux in the spray cone.  In 

contrast with observations made by Mudawar and Estes [27], Silk [2] showed that the 

local volumetric flux in many full cone sprays is actually smaller towards the center than 

at the periphery.  Because volumetric flux is varied by changing H in this study, a lean 

spray at the center could explain the much lower than predicted hQ   for H > 4.5 cm. Local 

values of volumetric flux across the heated surface were not measured in this study. 

Table 5.1 is a summary of the volume flux and number flux state points, corresponding to 

five nozzle-to-surface heights.  Details of the mean volumetric flux calibration and 

uncertainty analysis are provided in Appendix C.       

        

 

H x 10
3
 (m) 63.3 53.9 47.6 44.4 41.2 

hQ   x 10
3
 (m

3
/m

2
s) 0.54 0.89 1.34 1.67 2.04 

N x 10
-9

 (m
2
s)

-1
 1.41 2.33 3.51 4.38 5.34 

 

 

Table 5.1 Volume flux, droplet number flux, and nozzle-to-surface 

height conditions during testing 
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5.2 Heat Flux 

 The volume flux conditions in Table 5.1 were chosen with the goal of achieving 

critical heat fluxes (CHF) that are on the order of 500 W/cm
2
.  Assuming a constant d32 

and fluid properties, Equation 2.10 was used to determine appropriate volumetric flux 

operating points.  Predicted values of CHF for the volumetric flux values in Table 5.1 are 

shown in Figure 5.2 displays the results for CHF predicted by Equation 2.10 using the 

volumetric flux data in table 5.2.  Heat fluxes will be varied from ~17 W/cm
2
 to CHF, if 

possible, for each disc and volume flux test case.  Note the lower limit of 15 W/cm
2
 is 

restricted by the uncertainty exceeding 10%.         
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Figure 5.2 CHF at varying volume fluxes for fixed d32 and fixed 

subcooling of 90 µm and 36.5 °C, respectively, using Eq. 2.10   
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5.3 Test Surfaces 

 Four circular discs of diameter 37.8 mm and thickness 0.81 mm were 

investigated.  The material used for three of the discs was nickel, chosen for its relatively 

high thermal conductivity and excellent chemical stability.  The first nickel disc, 

designated as „us‟ for unstructured surface, was simply a flat surface used for a base 

comparison to study the influence of structured surfaces on heat transfer.  The other two 

nickel discs, „gs‟ and „fs‟, had micro-scale structures on one side fabricated through a 

photo-chemical etching process (Thin Metal Parts Co.).  The „gs‟ refers to grooved 

surface structures whereas „fs‟ refers to finned surface structures. The difference between 

these two structures is provided in the next section. To assess the influence of surface 

material on the heat transfer characteristics, an unstructured copper disc was also tested, 

designated as „cs‟.  Each surface was tested at five volumetric flux conditions from the 

single-phase heat transfer regime to CHF.  

 

 

 Figure 5.3 Image of the unstructured nickel surface, us’     
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5.3.1 Structured Surface Characteristics 

The pattern on both the grooved and finned surface is fractal-like, i.e., it exhibits a 

repeated pattern. In this case, flow paths bifurcate, or split, in the radial direction. The 

„gs‟ surface, shown in Figure 5.4a, has fixed groove widths in each branch level k.  Note 

that there are 5 levels identified in Figure 5.4a, beginning with level k=0 near the center 

of the disc and labeled as such not yet having undergone a bifurcation. The groove width 

and length following each bifucation are fixed relative to their upstream width and length. 

In the case of the structure on „gs‟, the length increases by a factor of 1.4 and the width 

decreases by a factor of 0.71 following each bifurcation.  The k level groove width and 

length are 500 microns and 1.8 mm, respectively. Additional dimensions are provided in 

Table 5.1.  Note that although it was desired to maintain a constant groove depth, this 

varied from 60 microns at the center to 36 microns near the periphery. 

In contrast to the „gs‟ surface that has fixed groove widths, the „fs‟ surface in 

Figure 5.5a has fixed fin widths with the groove width allowed to vary. Fins of variable 

length are observed in Figure 5.5a.  The longest fin is 6.31 mm. Between two fins of this 

length exists a shorter fin, approximately 0.71 times the length of the longer fin. In this 

case the fin height was kept fairly constant at 60 microns. 

 

 

 

 

 



                                                                                                                                       51 

 

                     a)             b) 

 
                                                     

         a)             b) 

 

 

 

Table 5.2 lists the lengths, widths and heights/depths of the surface structures tested, as 

well as the percent of the surface that was etched relative to the un-etched „us‟ surface 

area, ξ.    

 

 

 

Figure 5.5 Images of ‘gs’ disc surface with a) top view and b) side view     

Figure 5.6 Images of ‘fs’ disc surface with a) top view and b) side view     

k = 0 k = 1 k = 2 k = 3 k = 4  

k = 4  k = 3 k = 2 k = 1 k = 0 
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5.3.2 Surface Roughness 

An atomic force microscope (AFM) was used in an attempt to probe the surface 

features at scales below the size of the structures.  However, the roughness features 

resulting from the chemical etching process were sufficiently large that the AFM was not 

able to take measurements.  Images were taken to qualitatively show the roughness scale 

and are in Appendix E.       

 

 

 

 

 

Table 5.2 Disc surface characteristics for ‘us’, ‘fs’ and ‘gs’ discs      

 etch
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Chapter 6 

Data Reduction and Uncertainty Analysis 

  

Temperature data were reduced via a MatLab script file named 

„data_reduction.m‟ that arranges the data into a convenient matrix form and calculates the 

parameters of interest.  Bias error from calibration curves and precision error from 

repetitions within the raw data file are used to quantify the propagation of error that 

occurs during the calculation of the parameters. The reduced data are then output to a .txt 

file.  The script file requires input of the raw data file name to be reduced, the output data 

file name, the thermal interface material resistance and its uncertainty, volumetric flux 

and its uncertainty, and disc thickness. Reduced data files were imported into MatLab 

where script files named „heat_flux.m‟, „h_cv.m‟, and „eta.m‟ were run to generate the 

figures. Script files with detailed comments can be found in Appendix F.       

6.1 Data Reduction 

 Heat flux, wall temperature, convection coefficient and spray efficiency were 

calculated with knowledge of temperatures in the copper neck, thermal resistance 

between the top thermocouple and the disc impingement surface, fluid temperature, and 

volume flux, respectively.       

6.1.1 Conduction Heat Transfer 

The two stacks of thermocouples in the neck of the copper, one located 3.2 mm from the 

center and the other located 15.9 mm from the center, yielded different values of heat 

flux using Fourier‟s law.  Calculated using an area averaged approach, the heat flux is   
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where k is the thermal conductivity of copper, Ai is the inner surface area of the copper 

defined by the mean radius between the centrally and peripherally located thermocouples, 

Ao is the outer area making up the rest of the copper area, and Ad is the surface area of the 

disc. Lengths between thermocouples 1 and 3 and 4 and 6, L1-3 and L4-6 were known from 

caliper measurements.  Temperature differences between these same thermocouple 

locations are represented by ΔT1-3 and ΔT4-6.      

6.1.2 Wall Temperature    

 The inner wall temperature, Tw,i is estimated using the thermal resistance analogy 

given by 

 , 3 ,w i w i j
j

T T q R                                                          (6.2) 

where the summation term, j
j

R , is given by 

                                            disc Cu
j TIM

j
disc Cu

L L
R R

k k
                                                    (6.3) 

where TIMR  is the thermal resistance of the thermal interface material (TIM) and ,w iq  is 

the heat flux calculated directly from Fourier‟s law using ΔT1-3, L1-3, and k.  The same 

procedure is performed for the outer wall temperature, Tw,o, with the average of the two 

ultimately used as the reported wall temperature, Tw.   

 For the TIM used in this study, Bergquist Co. reports thermal resistance values, as 

measured by the ASTM standard method, as a function of thickness. In many studies 
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where a TIM is used, manufacturer reported thermal resistance values are used without 

being verified.  In this study, however, a verification was undertaken.   

 TIM thermal resistance verification was accomplished through an experiment 

starting with spray cooling the copper heater surface with no disc and no TIM. This 

allowed for a highly accurate wall temperature to be calculated using Equation 6.2 and 

Equation 6.3 with the first and last term set to zero.  It was hypothesized that for identical 

spray conditions and heat flux states, the convection coefficient, hsim, must be the same 

whether a disc and TIM are present or not.  The convection coefficient, hsim is calculated 

with  

hs
sim

w

q
h

T T





                                                            (6.4) 

where hsq  is the heat flux calculated from Equation 6.1.  To ensure the validity of this, a 

copper disc with close to identical surface treatments as the copper heater surface was 

fabricated.  The copper disc was then spray cooled with identical surface and spray 

conditions as was used for the no disc case. The TIM‟s thermal resistance was then 

computed from  

3 6
,

1
/

2

disc Cu
TIM sim sim

disc Cu sim

T T L L
R T q

k k h


    
        

    
                                (6.5) 

where variables are identified in the nomenclature section. In Equation 6.5, the 

convection resistance term, 1/hsim, was calculated from Equation 6.4. Equation 6.5 was 

used to calculate ,TIM simR  at multiple heat flux states and their corresponding convection 

coefficients, ranging from 19 to 59 W/cm
2
 and 0.73 to 1.20 W/cm

2
K, respectively.  This 

was done only for the volume flux condition of 0.54 x 10
-3

 m
3
/m

2
s.  These calculated 
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thermal resistance values were then compared with the manufacturers value.  The 

manufacturers value is a function of TIM thickness so a linear regression of the 

manufacturers data was done and is shown in Equation 6.6.     

 6

, 1015296.0 
TIMmfgTIM tR                                             (6.6) 

In Equation 6.6, TIMt is the thickness of the TIM layer in units of meters.  Equation 6.6 

allows for the calculation of TIM thermal resistance based on manufacturers data, once 

TIMt  is known.  Using calipers with a resolution of ± 6.35 μm, TIMt  was quantified 

through multiple measurements made across the TIM and disc areas after spray cooling 

tests were complete.  This resulted in a TIM thickness for the copper disc testing of 124 

±7 µm.    

  

  

 

Figure 6.1 Thermal interface material (TIM) thermal resistance 

versus convection coefficient from Equation 6.4 compared with 

manufacturer data, Equation 6.5   
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 Figure 6.1 shows the results of the thermal resistance calculations using the 

methods just described. Heat flux operating states where the convection coefficient was 

low, had very high uncertainties due to the small temperature differences between 

thermocouples in the copper and between the wall and the fluid, T∞.  As the heat flux and 

corresponding convection coefficient were increased, the uncertainty in the convection 

coefficient down and the thermal resistance calculated using Equation 6.5 begins to 

converge to the manufacturers reported value, at least to within their uncertainties. 
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 Figure 6.2 shows the corresponding spray cooling curves at a volume flux of 0.54 

x 10
-3

 m
3
/m

2
s for no disc, the nickel „us’ disc, and two curves for the copper disc. One 

copper disc curve is based on Tw calculations using the manufacturer reported value of 

Figure 6.2 Spray cooling curves for copper surface with no disc, the 

copper disc and the nickel disc at a volume flux of 0.54 x 10
-3

 m
3
/m

2
s   
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6.29 ± 0.36 x 10
-5

 °C-m
2
/W for the TIM resistance at a measured thickness of 121 ±7 µm.  

The other copper disc curve is based on a Rsim of 7.35 ± 1.20 x 10
-5

 °C-m
2
/W which 

corresponds to an average in the hcv range of 1.07 to 1.2 W/cm
2
K on Figure 6.1. It 

appears from the single and two-phase regions in Figure 6.2 that the no disc case lies in 

between the curves generated with the two values of TIM thermal resistance.  This might 

suggest that the true value of the TIM thermal resistance may lie between the two. The 

CHF was not reached for the case with no disc even at a heat flux of 80 W/cm
2
, whereas 

CHF for the copper disc occured around 70 W/cm
2
 for identical spray conditions.  

Besides the presence of the TIM, the only difference between the two situations is that 

the area of the copper heater surface area is 3% larger than the copper disc surface area.  

How this difference would influence CHF is unknown.  Nevertheless, one would expect 

that a curve with a lower CHF value would also lay slightly under a curve with a higher 

CHF value in single and two-phase heat transfer regimes as well.  If this is assumed to be 

true, the manufacturers thermal resistance value appears to be closest to the true value 

from inspection of the cooling curves in Figure 6.2.     

 The purpose of this effort was to verify that using the manufacturers data for TIM 

thermal resistance was valid for presenting wall temperatures. Ultimately the 

manufacturers value for TIM thermal resistance was assumed to be the true value, used 

for all wall temperature calculations.       

6.1.3 Convective Heat Transfer 

Because spray cooling is a process involving fluid advection, it is appropriate to use 

Newton‟s law of cooling given by  
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 wq h T T
                                                            (6.7)  

where q  is the heat flux at the interface between the surface being cooled and the fluid 

cooling it and h is the convection coefficient.  The convection coefficient is important to 

characterize the heat transfer performance and was calculated in this study by  

 w

q
h

T T





                                                      (6.8) 

where T∞ is the free stream temperature of the fluid fixed at 63.5 °C in this study.  Heat 

transfer coefficients are generally plotted as a function of heat flux.  

6.1.4 Spray Efficiency 

 The spray efficiency is an expression of the fraction of heat actually being 

removed to the amount of heat that could be removed by the fluid through sensible and 

latent heating, assuming all liquid is converted to vapor.       

 p sub fg

q

Q C T h





  
                                               (6.9) 

Equation 6.9 implies that for a given fluid and subcooling, the spray efficiency, η, is 

directly proportional to the heat flux, q , and inversely proportional to the volumetric 

flux, Q .  Latent heat of vaporization, fgh , generally dominates sensible heating, 

p subC T .  Spray efficiencies have been reported to be as high as 100% using water at 

very low volumetric fluxes.  Spray efficiency is plotted as a function of wall temperature 

difference.     

6.1.5 Global Energy Balance        

 A global energy balance, used to estimate thermal losses, is given by 
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in out lossq q q                                                         (6.10) 

The 
lossq  term in Equation 6.10 is due to imperfect insulation around the heater surfaces 

leading to heat losses to the environment.  Multiplying the heat flux from Equation 6.1 by 

the disc area, Ad, yields the area-averaged rate of heat flow through the copper neck to the 

impingement surface. 

1 3 4 6

1 3 4 6

i o
out

kA kA
q T T

L L
 

 

                                                 (6.11) 

The power supplied to the system from the heaters is determined from 

in rms rmsq i V                                                           (6.12) 

where rmsi  and rmsV  represent the root mean square (RMS) current and voltage, 

respectively. Because the system was temperature controlled, the power would 

periodically cycle on and off.  Therefore the mean power over a long period of time was 

ultimately used in Equation 6.11 to assess the heat loss.  The percent heat lost, , is 

found from  

      100in out

in

q q

q


                                                       (6.13) 

  

6.2 Uncertainty Analysis 

 All data reported were comprised of 9 repetitions.  Standard deviation, S, was 

calculated for the repetitions using built in standard deviation functions in Excel or 

MatLab calculated by 

   
2

1

1
M

j

j

S T T M


                                                      (6.14) 
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where Tj is the temperature of a single repetition and T  is the mean temperature of the 

number of repetitions, M.  Precision error arising from the standard deviation was 

calculated using 

1

S

M 
                                                               (6.15) 

Propagation of error from the raw data to the calculated variables of interest was 

calculated using the Kline-McClintock [29] method where the uncertainty in a calculated 

quantity is related to the uncertainties in the independent variables and gradients of the 

function.  For example, suppose the following equation  

),...,,,( izyxfa                                                     (6.16) 

is under consideration, where a is a known function of an arbitrary number of variables, 

each possessing its own uncertainty.  The uncertainty in a, is then given by   
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When the function is differentiable, this is a widely used method for uncertainty analysis.  

The convection coefficient, for instance, is a function of the heat flux and wall to fluid 

temperature difference as noted in Equation 6.8.  For this case Equation 6.14 reduces to   
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                                             (6.18) 

The uncertainties in heat flux, 
wqu  , and wall temperature difference, 

wTu , are needed for 

the calculation of 
cvhu .  These values are also determined using Equation 6.17 with 
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differentiable Equations 6.1 and 6.2 used to assess uncertainty for wq   and Tw, 

respectively. Uncertainty calculations for all reported data can be found in Appendix D.      
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Chapter 7 

Results and Discussion 

 Data are presented such that a change in the symbol type represents a different 

volume flux condition and a change in symbol shading corresponds to a different disc 

surface.  Table 7.1 displays the symbol type and symbol shading for each test case. For 

uncertainty values that change little between data points, only a few representative error 

bars are shown in the figure.  Fluid temperature, flow rate, and pressure drop at the 

nozzle remained fixed for all cases at 63.5 ± 0.5 °C, 4.53 ± 0.05 g/s, and 63 ± 3 psi, 

respectively. The Sauter mean diameter of the droplets is assumed constant and estimated 

to be 90 µm. A global energy balance was done at a single point for the „fs‟ surface at the 

highest volume flux and at a copper base temperature of 510 ˚C to verify heat flux 

calculations.  This base temperature of 510 ˚C corresponded to a heat flux of 53.2 W/cm
2
 

and an area averaged heat flow of 595 W.  The time averaged power entering the heaters 

was measured to be 687 W.  This implies that thermal losses between the ceramic heaters 

and the copper neck region were on the order of 13% for a copper base temperature of 

510 °C.   

    

 310Q  

(m
3
/m

2
s) 

Nickel Copper 

‘us’ ‘fs’ ‘gs’ ‘cs’ 

0.54     

0.90    X 

1.36    X 

1.69    X 

2.04    X 

    

Table 7.1 Symbol type and shading for each test case 
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7.1 Volume Flux Effects 

 Effects of volume flux on heat flux, convection coefficient and evaporation 

efficiency are presented for each surface in section 7.1.1.  This is followed by a direct 

comparison of surface structure effects on spray cooling performance in section 7.1.2.       

7.1.1 Heat Transfer Curves 

 Wall heat flux, q , versus the wall-to-fluid temperature difference, wT , is 

presented in Fig. 7.1 for the unstructured surface, „us‟, For all five volumetric fluxes.  

Recall that wT  is defined as 
wT T , where T

 is held fixed at 63.5 ˚C. In the single-

phase regime, as expected the heat flux increases with wall temperature with the slope of 

the cooling curve fairly constant.  The heat flux values obtained in this regime ranged 

from 18 – 24 W/cm
2
 and 17 – 34 W/cm

2
 for the lowest and highest volumetric flux cases 

of 0.54 and 2.04 x 10
-3

 m
3
/m

2
s, respectively.  Uncertainty in heat flux in the single phase 

regime is between 5 and 10 %.  The wall temperature shifts dramatically, ~16 °C in the 

single-phase regime between the volume flux extremes. In general, higher volumetric 

fluxes correspond to lower wall temperatures at a given heat flux.   
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 The two-phase transition regime in Fig. 7.1 begins at a wT  between 31 and 36 

˚C for the high and low volume flux cases, respectively. The two-phase regime shows 

similar trends in heat flux with increases in wall temperature and volumetric flux.  The 

slope of the curve, however, is not constant throughout this regime.  A sharp rise in slope 

occurs during the transition from the single-phase to the two-phase regime. This is due to 

the wall temperature being close to the fluid saturation temperature of 100˚C, and the 

beginning of nucleate vapor bubble formation. The value of the wall temperature where 

this transition occurs varies for each volume flux case. At a higher volume flux values the 

formation of nucleate bubbles is suppressed, delaying the onset of two-phase effects.  A 

Figure 7.1 Heat flux versus wall-to-fluid temperature difference for 

‘us’ surface as a function of volumetric flux (T = 63.5 ˚C) 
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second steeper slope persists in the two-phase regime until the wall temperature 

approaches the value where CHF occurs. 

 As CHF is approached, corresponding to an approximate wT  value of 50 ˚C, the 

slope starts to level off with small changes in heat flux corresponding to relatively large 

changes in wall temperature.  For instance, for the volume flux case of 0.9 x 10
-3

 m
3
/m

2
s 

in the region near CHF, an increase in wall temperature of 10˚C corresponds to an 

increase in heat flux of ~10 W/cm
2
.  For the same volume flux case in the two-phase 

regime a 10˚C increase in wall temperature corresponds to an increase in heat flux of 35 

W/cm
2
.  At CHF a vapor layer begins to form on the heated surface prohibiting the 

incoming fluid from contacting the surface, and acting to insulate the surface. 

 The ‘fs’ surface showed qualitatively similar trends with regards to wall 

temperature and volumetric flux effects on heat transfer. However, CHF‟s occur at a low 

wT  value of ~ 45 ˚C, as evident from Fig. G1.1 in Appendix G.   

 The spray cooling curves for the grooved surface, ‘gs’, is shown in Fig. 7.2. Heat 

flux is again plotted versus wall temperature difference for varying volumetric flux 

conditions; however, the scales are different from those in Fig. 7.1.  The single-phase 

regime for the „gs‟ surface looks very similar to that of the other surfaces „us‟ and „fs‟. 

Within levels of uncertainty, the single-phase slopes are constant with similar quantitative 

and qualitative variation in heat flux wall temperature and volumetric flux.   

However, the two-phase transition, two-phase and CHF regions vary significantly 

between Figs. 7.2 and 7.1.  In fact, aside from the lowest volumetric flux case, the two-

phase and two-phase transition regimes appear to be non-existent, with almost no 



                                                                                                                                       67 

 

discernable change in slope occurring.  Due to the 5 to 10 % uncertainty in 
wq , however, 

no general conclusion regarding the behavior of the grooved surface at the lowest 

volumetric flux can be made.  Also, the value of CHF is considerably reduced for the 

grooved surface compared with unstructured and finned surfaces. The exact mechanisms 

behind this trend are currently unknown, but it is hypothesized that vapor entrapment 

within the micro-scale grooves, may be prohibiting the cooler liquid to penetrate into the 

areas.                  
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Figure 7.2 Heat flux versus wall-to-fluid temperature difference for 

‘gs’ surface as a function of volumetric flux (T = 63.5 ˚C) 
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7.1.2 Convection Coefficient 

The convection coefficient, h, computed from Equation 6.8 is a good measure of 

heat transfer performance and is plotted for the unstructured, „us‟, surface in Fig. 7.3.  In 

this case, h is plotted versus heat flux, 
wq , and as a function of volumetric flux, Q .   

In the single-phase regime the convection coefficient is a maximum at the lowest heat 

flux of 17 W/cm
2
 and reaches a minimum where the two-phase transition region begins, 

somewhere between 22 and 32 W/cm
2
 depending on the volumetric flux.  At the lowest 

heat flux, the convection coefficient for the highest volume flux is ~1.6 W/cm
2
K, more 

than twice that of the lowest volume flux which is at ~0.65 W/cm
2
K.  In this single-phase 

regime, the main heat transfer mechanism is convection.  Therefore, an increase in fluid 

flow (or volume flux in this case) is expected to improve the convection coefficient. 
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  Figure 7.3 Convection coefficient versus heat flux for the ‘us’ 

surface as a function of volumetric flux (T = 63.5 ˚C) 
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Beyond the two-phase transition regime the convection coefficient increases at an 

approximately constant rate with heat flux until CHF is approached.  In this two-phase 

region, the convection coefficient seems to be less dependent on volumetric flux.  A four-

fold increase in volume flux only changes the heat transfer coefficient by 30% in this 

regime, while the single-phase and CHF regimes see an increase in convection coefficient 

by as much as 100% for this same increase in volume flux.  A possible reason for this is 

as follows; while convective flow may still be a significant heat transfer mechanism in 

the two-phase regime, boiling also begins to occur.  A higher volume flux can act to 

suppress growth and sweep away nucleate bubbles, suppressing the relative phase change 

contribution to heat transfer.  These competing effects help to explain the result of the 

relatively small increase in convection coefficient observed as volumetric flux is 

increased. 

 As CHF is approached, the convection coefficient approaches its maximum with 

increases in heat flux causing a sudden drop to occur, signifying that CHF is reached.  

The convection coefficient values at CHF range from 1.1 to 1.9 W/cm
2
K for the low and 

high volume fluxes, respectively. Qualitative trends in convection coefficient for the „fs‟ 

surface is similar to the „us‟ surface in each of the heat transfer regimes, the results are 

given in Appendix G.   

 The „gs‟ surface had significantly different results compared to both the „us‟ and 

„fs‟ surfaces.  This is shown in Fig. 7.4.  In the single-phase regime the convection 

coefficient behavior is similar to that of the other surfaces where a decrease occurs as 

heat flux increases, and a maximum occurring at the lowest heat flux, however, this 
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observed maximum at the lowest heat flux did not occur for the volume flux case of 0.54 

x 10
3
 m

3
/m

2
s.  Increase in volume flux is shown to improve the heat transfer coefficient, 

with the largest increase occurring in the single-phase regime.  

15 20 25 30 35 40 45 50 55
0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

q" (W/cm2)

h
 (

W
/c

m
2
K

)

 

 

0.54

0.90

1.36

1.69

2.07

Q" x 103

(m3/m2s)

 

  

 

Contrary to the „us‟ and „fs‟ surfaces, for the „gs‟ surface at the three highest 

volumetric fluxes the heat transfer coefficients in the two-phase and CHF regimes 

continue to decrease as the heat flux increases, with a minimum occurring at CHF.  For 

the second lowest volume flux case, the heat transfer coefficient has little change between 

the two-phase transition regime and CHF.  The lowest volume flux case shows a slight 

improvement between the two-phase transition regime and CHF, increasing from about 

0.7 to 0.8 W/cm
2
K.   

Figure 7.4 Convection coefficient versus heat flux for the ‘gs’ 

surface as a function of volumetric flux (T = 63.5 ˚C) 
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The increase in convection coefficient observed in the two-phase regime for low 

volume fluxes but not for high volume fluxes, is not fully understood.  If the heat transfer 

rate is inhibited by vapor trapped within the micro-channels, a higher volume flux should 

allow droplets to penetrate through the vapor layer.  Apparently the very low convective 

coefficient in the single-phase regime for low volume fluxes allows the demonstrated 

increase in the two-phase regime. However, at the higher volume fluxes the convective 

heat transfer in the single-phase regime is very large but is impeded in the two-phase 

regime, possibly by vapor being trapped locally. Further studies into this phenomena 

through optical observations or detailed surface measurements is needed.                             

7.1.3 Spray Efficiency 

 The spray efficiency given in Equation 6.9 is a measure of the ration of actual 

heat removal, to the maximum removal rate based on the available latent and sensible 

heat.     
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 Efficiency, η, is shown in Fig. 7.5 versus wall-to-fluid temperature difference, 

wT , for each volume flux case.  In a similar manner to the heat flux plots in Fig. 7.1 and 

7.2, as wT  increases, η increases as well up to CHF. 

 The effect of increasing volume flux however is reversed from that seen in Figs.s 

7.1 and 7.2 with the highest efficiencies occurring for the lowest volume flux, and vice 

versa.  This trend is expected as η is inversely proportional to the volume flux.  With low 

volume fluxes, there is less fluid to runoff the heated surface and so fluid utilization is 

better compared to high volume flux conditions where more fluid is available to runoff 

the heated surface.  Just as with previous discussions, η for the „fs‟ surface showed 

Figure 7.5 Spray efficiency versus wall-to-fluid temperature difference 

for the ‘us’ surface as a function of volumetric flux (T = 63.5 ˚C) 
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qualitatively similar results to the „us‟ surface, so the figure is omitted from this section 

and can be found in the Appendix G.   

             The „gs‟ surface results for η are given in Fig. 7.6.  Spray efficiencies go up with 

wT , but not as much as with the „us‟ surface. A stronger dependence of η on 
wT  is 

seen with the lower volume flux case, compared with higher volume flux cases.  A larger 

slope throughout most of the curve is seen with η increasing by a factor of three for the 

lowest volume fluxes, compared to a flatter slope with an increase by a factor of two for 

the high volume flux cases.    
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Figure 7.6 Spray efficiency versus wall-to-fluid temperature 

difference for the ‘gs’ surface as a function of volumetric flux 

(T = 63.5 ˚C) 
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7.2 Surface Effects 

7.2.1 Spray Cooling Curves 

 In each of the Figs. 7.7 through 7.11, heat flux as a function of 
wT  is displayed 

for the three surfaces tested at a given volume flux.  In Fig. 7.7 an unstructured copper 

disc was also tested to study the effect of surface material.  In this discussion, reference to 

enhancements or degradations in heat transfer is with respect to the „us‟ surface.          
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In the single-phase regime, both surface structures appear to have little or no effect on the 

heat transfer at a given temperature with only a slight increase towards the end of this 

Figure 7.7 Heat flux versus wall-to-fluid temperature difference for 

the ‘us’,‘gs’, ‘fs’, and ‘cs’ surfaces at a volumetric flux of 0.54 x 

10
-3

 m
3
/m

2
s (T = 63.5 ˚C) 
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regime as it transitions into two-phase conditions. This is not the case, however, for the 

two-phase and two-phase transitions regimes.  The „fs‟ surface appears to transition to the 

two-phase regime somewhat earlier, causing the curve to shift towards a lower 
wT .  

When compared from the perspective of heat flux at a given temperature, the „fs‟ 

enhances the heat flux on the order of 25%. Although the two-phase heat transfer is 

enhanced, the CHF for the „fs‟ surface is slightly lower than that of the ‘us’ surface by 

approximately 10%.  In addition, CHF appears to ensue more suddenly and at a lower 

wall temperature difference.  These trends for the „fs‟ surface in the two-phase and CHF 

regimes, are similar to those seen in other studies [12,18,26].   

The „gs‟ surface towards the end of the single phase regime does not exhibit the 

same trend beyond the single-phase regime.  In the two-phase regime the „gs‟ surface 

actually performs significantly worse than the „us‟ surface, yielding much lower heat flux 

values at a given value of wT .  This trend of heat flux degradation follows into the CHF 

regime as well, with CHF occurring at a value approximately 25% lower than the „us‟ 

and „fs‟ surfaces.    

The „cs‟ surface shows a slight increase in heat transfer in the single phase and 

two-phase transition regimes compared to the „us‟ surface.  In the two-phase regime the 

„cs‟ surface performs almost identically to the „us‟ surface.  The critical heat flux, 

however, is significantly higher for the „cs‟ surface than for the „us‟ surface by 

approximately 15%.  It is hypothesized that the increase in CHF for the „cu‟ surface is 

due to better wetting characteristics with the water on the impingement surface.            
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 Results for a volumetric flux of 0.90 x 10
-3

 m
3
/m

2
s are shown in Fig. 7.8 for the 

three surfaces. Compared to the volume flux of 0.54 x 10
-3

 m
3
/m

2
s, the „fs‟ surface begins 

to show heat transfer enhancement in the single-phase regime compared to the „us‟ 

surface.             
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Enhancement for „fs‟ surface becomes more pronounced in the two-phase regime with 

heat flux values improving by as much as 50% around the two-phase transition regime.  

Since the slope towards the end of the two-phase regime is reduced compared with the 

„fs‟ surface, the CHF value occurs at a slightly lower value, and at a lower wT . The „gs‟ 

surface continues the same trends shown from Fig. 7.7 where heat flux in the single-

Figure 7.8 Heat flux versus wall-to-fluid temperature difference for the 

‘us’,‘gs’, and ‘fs’ surfaces at a volumetric flux of 0.90 x 10
-3

 m
3
/m

2
s 

(T = 63.5 ˚C) 
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phase regime is comparable to the other two surfaces at the same volume flux, but with a 

large degradation in heat transfer occurring in the two-phase and CHF regimes.  The CHF 

value is 40% of the „us‟ surface.  

Results of the intermediate volume flux case of 1.36 x 10
-3

 m
3
/m

2
s are shown in 

Fig. 7.9. Single phase heat transfer, to within their uncertainty, are identical for all three 

surfaces.  A slight improvement of the „fs‟ surface is observed with the onset of the two-

phase regime occurring at a lower 
wT  value, however, percent enhancements in heat 

flux are much lower than the previous volume flux case shown in Fig. 7.8.  Critical heat 

flux for the „fs‟ surface is identical to that of the „us‟ surface.  The „gs‟ surface shows 

heat transfer degradation everywhere after the single-phase regime.  In the two-phase 

regime, the slope of the curve is almost identical to the singl-phase regime.  The CHF 

value is 44% lower than the „us‟ and „fs‟ surfaces.  
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The volume flux case of 1.69 x 10
-3

 is shown in Fig. 7.10.  The „fs‟ surface 

outperforms the „us‟ surface over the entire range of wT .  Maximum percent 

enhancement is not as high as what was found for the two lowest volume flux cases, here 

20% compared to 50%, but at this higher volume flux CHF occurs at a slightly greater 

value for the „fs‟ surface than the „us‟ surface. As with lower volumetric flux the „gs‟ 

surface performed comparably in the single-phase regime, and shows significant 

degradation at higher wT .            

Figure 7.9 Heat flux versus wall-to-fluid temperature difference for 

the ‘us’,‘gs’, and ‘fs’ surfaces at a volumetric flux of 1.36 x 10
-3
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Fig. 7.11 displays the results for even higher volumetric flux.  Single phase heat 

transfer enhancement for the „fs‟ surface is greater than at the lower volume flux values, 

with improvements as high as 15%.  Enhancements in the two-phase regime improve 

compared to the volume flux case of 1.69 x 10
-3

 m
3
/m

2
s, reaching as high as 25%.  It 

appears that CHF was not quite reached for the „us‟ and „fs‟ surfaces, as higher values of 

wT  could not be obtained in this apparatus. The „gs‟ surface followed the same trends as 

for all of the other volume flux cases where single-phase heat transfer follows the „us‟ 

surface performance and serious degradation occurs everywhere else.           

Figure 7.10 Heat flux versus wall-to-fluid temperature difference for 

the ‘us’,‘gs’, and ‘fs’ surfaces at a volumetric flux of 1.69 x 10
-3
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7.2.2 Convection Coefficient 

Further insight into the underlying mechanisms determining heat transfer 

performance can be illuminated through comparisons of convective heat transfer 

coefficients.  Fig. 7.12 provides these results for the volume flux case of 0.54 x 10
-3

 

m
3
/m

2
s for all surfaces, including the „cs‟ surface.  Convection coefficients for both the 

„fs‟ and „gs‟ surfaces show an improvement over the „us‟ surface in the single-phase 

regime, where the „fs‟ surface does the best and the „gs‟ surface is in between the two.  In 

the two-phase regime, the convection coefficients for the „fs‟ surface increases rapidly 

Figure 7.11 Heat flux versus wall-to-fluid temperature difference for 

the ‘us’,‘gs’, and ‘fs’ surfaces at a volumetric flux of 2.04 x 10
-3

 

m
3
/m

2
s (T = 63.5 ˚C) 
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with increasing heat flux at an apparently constant rate.  This continues until a certain 

value of heat flux is reached at which point the convection coefficient suddenly and 

rapidly decreases. Enhancements of the convection coefficient for the „fs‟ surface in the 

single and two-phase regimes are on the order of 10%.        

The „us‟ surface behaves in a similar manner except that the heat flux where the 

sudden drop in convection coefficient occurs is a slightly higher value than for the „fs‟ 

surface.  Also, the reduction in heat transfer coefficient occurs more gradually and to a 

lesser extent for the „us‟ surface than for the „fs‟ surface.  Consequently, there is a point 

where the convection coefficient for the „fs‟ surface drops below that of the „us‟ surface, 

for this case this occurs near 57 W/cm
2
.   

The „cs‟ surface has a greater convection coefficient than all of the other surfaces 

in the single-phase and CHF regimes.  In the two-phase regime the convection coefficient 

is indiscernible from that of the „us‟ surface.  
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The „gs‟ surface displays an entirely different behavior from the other surfaces.  Once the 

heat flux is high enough to transition from the singl-phase region, the convection 

coefficient increases at a much lower rate with increasing heat flux than the „us‟ and „fs‟ 

surfaces. A maximum value is reached at a heat flux of 38 W/cm
2
 for this volume flux, at 

which point it drops off until a heat flux of 47 W/cm
2
 occurs where a very rapid decrease 

is seen.  The rapid decrease in convection coefficient occurs at CHF.  

When the volume flux is increased to 0.90 x 10
-3

 m
3
/m

2
s, shown in Fig. 7.13, 

relative enhancements in the convection coefficient for the „fs‟ surface increase to 

Figure 7.12 Convection coefficient versus heat flux for the 

‘us’,‘gs’, and ‘fs’ surfaces at a volumetric flux of 0.54 x 10
-3
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approximately 15%, compared with the „us‟ surface.  Qualitative behavior of the 

convection coefficient for the „fs‟ surface is similar to that in Fig. 7.12 where an 

improvement occurs over mostly the entire range of heat flux, up to approximately 68 

W/cm
2
, at which point a sudden and rapid decrease occurs.  The „gs‟ surface shows no 

enhancement and seems to remain fairly constant after the single-phase regime up to a 

heat flux of 43 W/cm
2
, at which point the drop-off occurs, whereas for the lower volume 

flux cases the convection coefficient for the „gs‟ surface slightly increased with 

increasing heat flux in the two-phase region.                     
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Figure 7.13 Convection coefficient versus heat flux for the 

‘us’,‘gs’, and ‘fs’ surfaces at a volumetric flux of 0.90 x 10
-3
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Results from the intermediate volume flux of 1.36 x 10
-3

 m
3
/m

2
s are shown in Fig. 

7.14.  Improvement in the convection coefficient for the „fs‟ surface still exists but the 

relative enhancement of approximately 5% is less than that of the lower volume flux 

cases. An interesting occurrence at this volumetric flux is that the heat flux value where 

the convection coefficient is dramatically reduced, is approximately the same for the „us‟ 

and „fs‟ surfaces. Convection coefficients for the „gs‟ surface show similar behavior to 

the lower volume flux case where at best only a slight increase occurs with increasing 

heat flux in the two-phase regime.   
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Figure 7.14 Convection coefficient versus heat flux for the 

‘us’,‘gs’, and ‘fs’ surfaces at a volumetric flux of 1.36 x 10
-3
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Results of the higher volumetric flux conditions, shown in Figs.s 7.15 and 7.16, are 

similar to those of the lower volumetric flux cases where the „fs‟ surface enhances the 

convection coefficient within the single and two-phase regimes relative to the „us‟ 

surface, and the „gs‟ surface performs comparably in the single-phase regime and is 

highly degraded beyond. This similarity between qualitative trends at high and low 

volume flux conditions does not exist in the CHF regime.  While the „fs‟ surface 

performed slightly worse at CHF than the „us‟ surface at low volume fluxes, the „fs‟ 

surface performed slightly better at CHF for high volume fluxes.          
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Figure 7.15 Convection coefficient versus heat flux for the 

‘us’,‘gs’, and ‘fs’ surfaces at a volumetric flux of 1.69 x 10
-3
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7.3 Summary 

 The effect of increasing volumetric flux changes depending on the surface being 

sprayed.  In the single-phase regime, the „gs‟ surface performs comparatively with the 

„us‟ surface for the range of volume flux tested.  In the two-phase and CHF regimes, 

however, volume flux has little influence on the heat transfer behavior for the „gs‟ 

surface.  Significant degradation occurred beyond the single-phase regime for the „gs‟ 

surface when compared with the „us‟ surface.  CHF ensued for the „gs‟ surface at a heat 

flux between 45 and 55 W/cm
2
 for all volume flux cases.   

Figure 7.16 Convection coefficient versus heat flux for the 

‘us’,‘gs’, and ‘fs’ surfaces at a volumetric flux of 2.04 x 10
-3
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 As opposed to the „gs‟ surface, the „fs‟ surface showed significant enhancement in 

all heat flux regimes when compared with the „us‟ surface, especially towards the low 

and high extremes of volume flux.  While heat transfer for the „fs‟ surface in the single-

phase regime was improved compared to the „us‟ surface, heat transfer in the two-phase 

regimes showed the greatest enhancements.  CHF for the „fs‟ surface lay just below that 

of the „us‟ surface at low volume flux, was equivalent at the intermediate volume flux 

and was slightly higher during the high volume flux cases.       

7.4 Static Contact Angles 

  Following the conclusions of Hsieh and Yao [18], static contact angle 

measurements were made of de-ionized water droplets resting on the ‘us’, ‘cs’, ‘fs’, and 

‘gs’ test surfaces using the sessile drop method.  Test surfaces were prepared in a similar 

manner as with the spray cooling testing with an application of rubbing alcohol followed 

by a thorough rinsing with de-ionized water.  The surface was then completely dried and 

a droplet at room temperature was placed upon it with a pipette.  For the ‘fs’ and ‘gs’ 

surfaces a droplet was placed near the center of the flow path at each of the five k levels 

as well as at the disc centers.  While the disc centers have no grooves or fins, the 

roughness due to the chemical etching process is much greater than the un-etched surface 

which would affect the droplet contact angle.      

 A camera with a pixel size of 8.73 µm was used to capture the images.  Each 

image was imported into MATLAB where it was converted to a grayscale.  The „canny‟ 

edge detection algorithm was used to isolate the contact angle at the 3-phase boundary 

line.  A regression line was fit to four pixels chosen to approximate the slope of the 
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droplet surface for the first 15 % of the total droplet height.  Figures 7.17 and 7.18 show 

the droplet image for k = 0 on the finned surface before and after edge detection, 

respectively         
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Figure 7.17 Droplet image on k = 0 

branching level for ‘fs’ surface 

Figure 7.18 Droplet image on k = 0 branching 

level for ‘fs’ surface after edge detection 
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Results of the static contact angle measurements are plotted in Figs. 7.19 and 7.20 

versus branching level, k, and inverse Bond number, Bo
-1

, respectively.  The ‘us’ and ‘cs’ 

surfaces appear to be slightly hydrophilic, each having a have similar static contact angle 

of approximately 78°.  The etched area at the center of the structured surfaces appears 

slightly hydrophobic with a static contact angle of approximately 98°.  It would be 

expected that as the flow path width and the corresponding Bo number approach zero, the 

static contact angle should approach the „us‟ static contact angle since none of the surface 

would be etched.  This was not observed for either of the structured surfaces, possibly 

because the minimum Bo number in this study was not low enough to reach this point.  

At the k = 0 branching level, the ‘fs’ static contact angle is slightly lower than the disc 

center at 92° whereas ‘gs’ at k = 0 has a static contact angle of 79°.  For both surfaces as 

the k level increases and the corresponding Bo number decreases, the static contact 

angles appear to oscillate between the general boundaries defined by the „us‟ and etched 

static contact angles.  The exceptions being for the ‘gs’ surface at k = 2 where the static 

contact angle is reduced significantly below that of the „us‟ to approximately 65°, and at 

k = 4 where the contact angle for both surfaces is slightly than the etched surface at 

approximately 107°.  Overall, the static contact angle for the ‘fs’ surface is always greater 

or equal to that of the „us‟ surface with the highest values of 93° and 103° occurring at 

high and low Bo numbers, respectively. The lowest static contact angle values for the ‘fs’ 

surface range from 78° to 87° at the intermediate Bo numbers.  The effect of „gs‟ surface 

on static contact angle is more pronounced than the ‘fs’ surface with a minimum of 65° 

and a maximum of 110° occurring at k = 2 and k = 4, respectively.  With the exception of 
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k = 1, the ‘gs’ surface static contact angle is always less than or equal to that of the ‘fs’ 

surface.  The channel width , W, alone may not suffice to characterize the effect of 

surface structures on static contact angle.  The valley area under the droplet may play a 

more important role in droplet static contact angles.       

 With respect to spray cooling heat transfer results, the static contact angle 

measurements may explain why at low volume flux conditions the CHF was lower for 

both structured surfaces than for the ‘us’ surface.  As proposed by Hsieh and Yao [18] a 

smaller droplet static contact angle should correspond to better wetting of the surface 

producing a higher liquid film breakup heat flux.  Why a higher liquid film breakup heat 

flux is observed at high volume flux conditions is unknown. It is possible that the higher 

velocity and number flux associated with the smaller nozzle-to-surface distances cause a 

greater interaction between droplets at the impingements surface due to droplets breaking 

up and/or coalescing upon impact.  The surface structure effects on static contact angle is 

also dependant on the wall temperature, a variable not considered in this study.    
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Figure 7.19 Static contact angles for each surface versus branching level 

Figure 7.20 Static contact angles for each surface versus inverse Bond number 
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Chapter 8 

Conclusions and Recommendations 

 Spray cooling curves were obtained for a range of five volumetric flux conditions, 

for two different micro-scale surface structures, fins and grooves, and compared with 

results from an unstructured surface.  Findings of the study were that the groove 

geometry unexpectedly demonstrated degradation in heat transfer for the bulk of the 

spray cooling curve, with at best only an equivalent performance to the unstructured 

surface occurring at the lower heat transfer rates. Reduction in heat transfer relative to the 

unstructured surface reached as high as 50 % at CHF for high volume flux cases.  

In contrast with the groove geometry results, the finned surface structure 

geometry enhanced heat transfer relative to the unstructured surface by 15 to 50 % for 

many of the volume flux and heat flux cases considered. Compared to the unstructured 

surface, CHF for the finned geometry was found to be slightly lower at a low volume 

flux, and slightly higher at a high volume flux.  

The mechanisms behind the observed discrepancy between performances of the 

two surface structures tested are currently unknown.  It is hypothesized that vapor trapped 

within the grooves inhibits liquid from reaching the groove walls, causing a pre-mature 

occurance of dryout leading to lower values of heat transfer where liquid-to-vapor phase 

change exists.   

Based on finding from this study, following is a list of recommendations for 

future spray cooling experiments with enhanced surfaces: 

1. Firstly, a re-design of the copper heater base is needed due to: 
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a. The neck region where the thermocouples are imbedded, the top of 

which being where the test surface is placed, is larger in diameter 

than the test surfaces by 1.27 mm. This is not ideal for a goal of 1-

dimensional heat flow through that region. 

b. The copper heater base is too long and thin causing very high 

temperatures in that region and severely limiting the heat flux 

capability of the system from material temperature limits. A 

shorter and wider heater base should help this problem. 

c. Ideally, more ceramic heaters of smaller diameter and lower power 

would be used in place of the four large ceramic heaters currently 

in use.  This would increase the lifetime of the heaters.   

2. Droplet diameter and droplet velocity should be varied to investigate their 

effects on spray cooling heat transfer with enhanced surfaces.  Also, the 

range of volume flux should be extended to determine whether trends seen 

within the range of this study continue. 

3. Characterization of the surface roughness between the un-etched and 

etched surface, and their effects on heat transfer would help to isolate the 

surface structure effects from that of just the surface roughness.  

4. Surface structure dimensions such as heights and widths of the fins and 

grooves should be varied for better characterization of surface structure 

effects on heat transfer. 
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5. Optical observations, or even better, measurements of the interactions 

between the heated surface, liquid layer and impinging droplets would 

help to illuminate the exact mechanisms responsible for the trends seen 

with the two surface structures. 

6. Surface temperature uncertainty can be significantly reduced if surface 

structures are fabricated directly on the heater surface, eliminating the 

need for a thermal interface material and quantification of its thermal 

resistance.  This is also in line with recommendation 1.b. in that 

eliminating the thermal interface material would dramatically reduce the 

overall thermal resistance of the system between the heaters and the 

impingement surface, allowing for higher heat fluxes to be achieved. 

7. Isolating the copper heater block from the ambient air would reduce 

copper oxidation that occurs so rapidly at temperatures on the order of 500 

˚C.  This would increase the lifetime of the apparatus.   
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APPENDIX A: ANSYS model 

 

 

 

 

 

 

 

 

 

 



99 

 

A numerical model was run in ANSYS to estimate the temperature and heat flux 

distributions in the copper neck region were temperature measurements are made.  The 

boundary conditions for this model are constant heat flow of 2000 W in each heater port, 

a constant convection coefficient at the impingement surface of 26,000 W/m
2
K and 

perfectly insulated everywhere else.  The solid model is shown in Figure A.1 and the 

results of the heat flux and temperature distributions are given in Figures A.2 and A.3, 

respectively.  The model predicts a highly uniform temperature and heat flux distribution 

in the neck region, indicating that the assumption of 1-D conduction is valid.  

 

 

 

 

Figure A.1 Solid model of copper heater base used for ANSYS numerical solution   
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Figure A.2 Quarter section of model showing internal heat flux distribution    

Figure A.3 Quarter section of model showing internal temperature distribution    
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APPENDIX B: LabView data acquisition program  
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 The LabView program acquires 100 temperature data points (samples) at 5 

ms/sample for a single channel (thermocouple), and then moves to the next channel.  

Pressure transducer data is acquired simultaneously during temperature data acquisition 

at each channel.  Calibration equations for the thermocouples and pressure transducer are 

applied here. Figures B.1 and B.2 are screen shots of the LabView program block 

diagram and front panel, respectively.   

 

 

 

 

 

 

 

Figure B.1 LabView data acquisition program block diagram    
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Figure B.2 LabView data acquisition program front panel     
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APPENDIX C: Volume flux calibration 
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 The volume flux calibration was achieved by capturing the spray in a basin with a 

circular area approximately equal to that of the spray cooling test surface (D = 39.9 mm). 

The water temperature, nozzle pressure drop, and total flow rate were held fixed at the 

same values used during spray cooling testing of 63.5 °C, 434 kPa and 4.53 g/s, 

respectively.   The nozzle-to-surface distance was adjusted by rotating a bolt.  The 

nozzle-to-surface height was calibrated versus the number of bolt turns using a caliper.  

The results of this are shown in Figure C1. During volume flux calibration the nozzle-to-

surface height was varied from 33.3 to 79.2 and back to 33.3 mm to account for 

hysteresis, with five repetitions taken each height.  Figure C2 is a schematic of the 

calibration setup. Table C1 is the raw data for this calibration with the reduced data and 

uncertainties given in Table C2. The procedure carried out at each nozzle-to-surface 

distance was as follows:  

1. The empty basin is dried on the outer surface area and weighed with a digital 

scale. 

2. A plate is set on top of the basin to cover the open area of diameter D.   

3. The setup is placed directly under the spray nozzle with careful attention being 

paid to the proper alignment of the spray cone axis with the center of the open 

area.    

4. A stopwatch is then started while simultaneously and suddenly removing the plate 

covering the basin opening. 

5. Before the water level reaches the top of the basin opening, the plate is placed 

back over the opening while stopping the stopwatch.  
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6. The outer surface area of the basin is dried and the weight of the basin with the 

captured water is measured. 

7. The basin is then emptied and the steps are repeated.       
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Figure C1 Height versus # of turns calibration     
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H 

[mm] delN N_tot m_i [g] m_f [g] t [s] 

m_dot 

[g/s]     

33.31 5 5 314.44 499.4 48.64 3.8026 ave 3.8214522 

33.31 5 5 314.33 503.87 49.42 3.8353 stdev 0.0178298 

33.31 5 5 314.59 503.44 49.22 3.8369     

33.31 5 5 314.32 501.24 49.17 3.8015     

33.31 5 5 314.45 501.67 48.87 3.831     

Figure C2 Volume flux calibration schematic     

Table C1 Volume flux calibration data     
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38.05 3 8 314.23 506.7 61.94 3.1074 ave 3.094086 

38.05 3 8 314.58 505.54 61.7 3.095 stdev 0.0178141 

38.05 3 8 315.11 507.97 61.93 3.1142     

38.05 3 8 314.45 505.36 62.19 3.0698     

38.05 3 8 314.76 507.92 62.63 3.0841     

41.22 2 10 312.98 508.83 78.23 2.5035 ave 2.4925917 

41.22 2 10 314.55 508.44 77.63 2.4976 stdev 0.015245 

41.22 2 10 314.31 510.75 79.67 2.4657     

41.22 2 10 314.79 509.42 77.92 2.4978     

41.22 2 10 314.64 509.96 78.18 2.4983     

44.38 2 12 314.37 511.17 96.53 2.0387 ave 2.0323822 

44.38 2 12 314.3 511.02 96.47 2.0392 stdev 0.0086769 

44.38 2 12 314.35 509.37 96.51 2.0207     

44.38 2 12 314.24 510.22 96.17 2.0378     

44.38 2 12 314.24 512.71 97.99 2.0254     

47.54 2 14 314.66 512.24 121.95 1.6202 ave 1.6314317 

47.54 2 14 314.89 510.85 119.21 1.6438 stdev 0.0090923 

47.54 2 14 314.69 511.93 120.56 1.636     

47.54 2 14 314.35 511.99 121.17 1.6311     

47.54 2 14 314.79 511.02 120.68 1.626     

53.87 4 18 314.49 510.15 179.71 1.0888 ave 1.0901312 

53.87 4 18 314.59 511.9 180.94 1.0905 stdev 0.0033577 

53.87 4 18 314.53 511.17 179.5 1.0955     

53.87 4 18 314.42 510.77 180.21 1.0896     

53.87 4 18 314.88 511.58 181.06 1.0864     
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63.36 6 24 314.16 508.49 295.35 0.658 ave 0.6603876 

63.36 6 24 314.57 511.02 294.54 0.667 stdev 0.0066644 

63.36 6 24 313.87 511.38 296.73 0.6656     

63.36 6 24 314.1 510.08 296.48 0.661     

63.36 6 24 314.28 508.73 298.99 0.6504     

79.18 10 34 313.65 507.67 506.75 0.3829 ave 0.374721 

79.18 10 34 314.56 510.15 523.14 0.3739 stdev 0.0057175 

79.18 10 34 314.87 503.2 501.12 0.3758     

79.18 10 34 314.8 505.62 509.94 0.3742     

79.18 10 34 314.89 502.92 512.57 0.3668     

63.36 10 24 314.54 505.23 286.56 0.6654 ave 0.6582034 

63.36 10 24 314.57 505.26 289.6 0.6585 stdev 0.0063849 

63.36 10 24 314.82 505.01 293.07 0.649     

63.36 10 24 314.79 505.76 291.27 0.6556     

63.36 10 24 314.67 507.44 290.97 0.6625     

53.87 6 18 314.12 508.84 177.99 1.094 ave 1.0926082 

53.87 6 18 314.72 511.14 178.52 1.1003 stdev 0.0050903 

53.87 6 18 314.64 508.19 177.64 1.0896     

53.87 6 18 314.65 508.72 178.57 1.0868     

53.87 6 18 314.78 510.06 178.76 1.0924     

47.54 4 14 314.98 509.65 117.93 1.6507 ave 1.6548926 

47.54 4 14 314.75 510.44 117.53 1.665 stdev 0.0099865 

47.54 4 14 314.88 509.88 117.19 1.664     

47.54 4 14 314.64 509.81 118.01 1.6538     

47.54 4 14 314.63 508.93 118.41 1.6409     
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44.38 2 12 313.97 510.28 95.53 2.055 ave 2.0596154 

44.38 2 12 314.91 510.88 94.99 2.0631 stdev 0.0217644 

44.38 2 12 314.87 510.07 96.39 2.0251     

44.38 2 12 314.28 510.72 94.74 2.0735     

44.38 2 12 314.94 512.64 94.98 2.0815     

41.22 2 10 314.73 514.23 78.87 2.5295 ave 2.5158363 

41.22 2 10 314.83 512.68 78.27 2.5278 stdev 0.0167685 

41.22 2 10 315.03 514.25 79.04 2.5205     

41.22 2 10 314.85 509.82 78.36 2.4881     

41.22 2 10 314.68 512.35 78.65 2.5133     

38.05 2 8 313.75 509 63.64 3.068 ave 3.0681522 

38.05 2 8 313.9 508.53 63.35 3.0723 stdev 0.0028536 

38.05 2 8 313.41 508.02 63.51 3.0642     

38.05 2 8 314.1 508.63 63.4 3.0683     

38.05 2 8 314.1 510.23 63.93 3.0679     

33.31 3 5 313.64 507.34 51.15 3.7869 ave 3.7772102 

33.31 3 5 314.01 506.53 51.09 3.7683 stdev 0.0139888 

33.31 3 5 314.27 506.97 50.75 3.797     

33.31 3 5 314.48 507.19 51.14 3.7683     

33.31 3 5 314.39 506.66 51.06 3.7656     
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H 

(mm) 

u_H 

(mm) 

Q" 

(m^2/m^2s) 

u_Q" 

(m^2/m^2s) 

u_Q" 

(%) 

38.05 0.46 0.00251 5.08E-05 2.46 

41.22 0.46 0.00204 4.15E-05 2.47 

44.37 0.46 0.00167 3.42E-05 2.49 

47.55 0.46 0.00134 2.73E-05 2.48 

53.87 0.46 0.00089 1.79E-05 2.45 

63.35 0.46 0.00054 1.1E-05 2.48 

79.17 0.46 0.00031 6.43E-06 2.53 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table C2 Volume flux calibration results and uncertainty     
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APPENDIX D: Uncertainty Analysis 

 

 

 

 

 

 

 

 

 

 

 



113 

 

 Uncertainty was estimated for all calculated values using the method of 

propagation of errors.  Shown in Table D1 is the uncertainty in heat flux, wall 

temperature, convection coefficient and spray efficiency for two representative cases of 

the lowest and highest volume flux conditions for the ‘us’ surface.  Specific equations 

used for uncertainty calculation can be found in the ‘data_reduction.m’ MATLAB script 

file in Appendix E.    

 

 

 

q” 

(W/m
2
) 

uq” 

(W/m
2
) 

Tw 

(˚C) 

uTw 

(˚C) 

h 

(W/m
2
K) 

uh 

(W/m
2
K) 

η uη 

Q
" 

=
 0

.0
0
0

5
4

 

1.79E+05 18112 90 1.7 6581.6 785.7 0.137 0.014 

1.98E+05 18183 93.3 1.7 6518 705.7 0.153 0.015 

2.18E+05 18832 96.6 1.8 6501.4 662.5 0.169 0.015 

2.41E+05 19330 99.5 1.8 6623.6 632.7 0.187 0.016 

2.64E+05 19005 101 1.9 7048.2 621.1 0.205 0.016 

2.92E+05 19944 102 2 7484.5 641.1 0.227 0.017 

3.24E+05 19419 104 2 8003.1 628.4 0.253 0.017 

3.52E+05 19803 105 2.1 8434.2 644 0.274 0.017 

3.82E+05 20683 106 2.2 8875.1 671.3 0.298 0.018 

4.13E+05 21103 108 2.3 9370.1 692.7 0.323 0.019 

4.42E+05 21541 109 2.4 9733.5 711.3 0.346 0.02 

Table D1 Uncertainty data of ‘us’ surface for low and high volume flux 

cases     
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4.74E+05 22325 110 2.5 10217 743.4 0.372 0.021 

5.09E+05 23070 112 2.7 10631 771 0.399 0.022 

5.42E+05 22976 113 2.8 10932 771.7 0.426 0.022 

5.76E+05 23683 115 2.9 11206 786.1 0.454 0.024 

5.91E+05 24318 116 3 11258 793.5 0.466 0.024 

6.06E+05 24145 118 3 11150 763.6 0.479 0.025 

6.19E+05 25693 121 3.1 10908 754.6 0.491 0.026 

         

Q
" 

=
 0

.0
0
2
 

1.73E+05 18546 73.8 1.7 15691 2986 0.035 0.004 

1.87E+05 19198 77.2 1.7 12947 2078 0.038 0.004 

2.12E+05 18377 80 1.7 12463 1692 0.043 0.004 

2.33E+05 19133 83.5 1.8 11540 1427 0.047 0.004 

2.59E+05 18957 86.6 1.9 11196 1232 0.053 0.004 

2.84E+05 18990 89.6 1.9 10943 1104 0.058 0.004 

3.12E+05 19602 92.2 2 10905 1037 0.064 0.004 

3.39E+05 19830 94.2 2.1 11067 1006 0.069 0.004 

3.67E+05 20151 96 2.2 11331 988.9 0.075 0.005 

3.94E+05 20209 97.4 2.2 11629 982.6 0.081 0.005 

4.24E+05 21403 98.4 2.4 12222 1052 0.087 0.005 

4.54E+05 21729 99.6 2.5 12612 1069 0.093 0.005 

4.83E+05 21620 100 2.5 13117 1087 0.099 0.005 
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5.15E+05 22555 101 2.7 13761 1160 0.106 0.006 

5.46E+05 23083 102 2.8 14247 1213 0.112 0.006 

5.74E+05 23322 103 2.9 14546 1226 0.118 0.006 

6.09E+05 24236 104 3 15093 1287 0.126 0.006 

6.41E+05 24298 105 3.1 15582 1324 0.132 0.006 

6.71E+05 25001 106 3.2 16069 1393 0.139 0.007 

7.02E+05 25612 107 3.4 16369 1420 0.145 0.007 

7.35E+05 26447 107 3.5 16982 1505 0.152 0.007 

7.66E+05 27507 108 3.6 17503 1595 0.159 0.007 

7.96E+05 27554 108 3.7 17905 1632 0.165 0.008 

8.28E+05 28346 109 3.8 18491 1719 0.172 0.008 

8.55E+05 29862 110 4 18681 1767 0.178 0.008 

8.84E+05 29789 111 4.1 18726 1745 0.184 0.008 
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APPENDIX E: Surface roughness images 
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 An atomic force microscope (AFM) was used to attempt roughness measurements 

of the etched surfaces, however, the roughness scale was too large for the AFM to scan.  

Qualitative images were taken progressively moving across the width of a groove, and 

are shown below. Note that the scale of 50 μm on the images is erroneous.  

 

 

 

Figure E1 Images of etched and un-etched surface roughness     
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APPENDIX F: MATLAB data reduction and figure files 
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‘data_reduction.m’ file: 
 

function [Z q_vs_Tl] = 

data_reduction(file_name,raw_data_file,R_TIM,u_R_TIM,vol_flux,u_vol_flu

x,L_1) 

  
% This program arranges the raw temperature and pressure data coming 

from Labview in three columns [T, T_Stdev, P] and R*C rows  
% where R is the # of repetitions and C is the # of thermocouple 

channels into a matrix of R rows where the first 6 columns  
% are thermocouples 0-5 and the rest of the columns are pressure 

followed by the analyzed data 

  
raw=load(raw_data_file); 
format short g 
channels=7; % # of thermocouple channels 

  
% heat flux calculation and uncertainty parameters 

  
k_12=380; % thermal conductivity of copper 
k_23=380; 
k_13=380; 
D_d=1.485*0.0254; % diameter of disc 
D=1.55*0.0254; % diameter of copper neck 
A_d=(pi/4)*D_d^2; %disc area 
A=(pi/4)*D^2; % copper area where t-couples are placed 
L_12=0.0254*0.5; %lengths between thermocouples 
L_23=0.0254*0.5; 
L_13=L_12+L_23; 

  
% uncertainties in parameters used in data analysis 
u_k13=0.03*k_13;  
u_k23=u_k13; 
u_k12=u_k23; 

  
u_D=0.0005*0.0254; 
u_A=(pi/2)*D*u_D 
u_L12=0.011*0.0254+0.0005*0.0254; 
u_L23=0.011*0.0254+0.0005*0.0254; 
u_L13=u_L12; 

  
k_1=73; 
u_k1=0.03*k_1; 
k_2=380; 
u_k2=0.03*k_2; 
u_L1=0.0002*0.0254; 
L_2=0.00254-0.002*0.0254; 
u_L2=0.0002*0.0254; 
R_1=L_1/(k_1); 
u_R1=((u_L1/(k_1))^2+(u_k1*L_1/(k_1^2))^2)^0.5; 
R_2=L_2/(k_2); 
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u_R2=((u_L2/(k_2))^2+(u_k2*L_2/(k_2^2))^2)^0.5; 

  
r2=0.625*0.0254; 
r1=0.125*0.0254; 
r_mean=0.5*(r1+r2); 
D_mean=2*r_mean; 
Ai=(pi/4)*D_mean^2; 
Ao=A-Ai; 
u_Ai=(pi/2)*D_mean*u_D; 
u_Ao=sqrt(u_Ai^2+u_A^2); 
u_Ad=(pi/2)*D_d*u_D; 
ratio_i=Ai/A_d; 
ratio_o=Ao/A_d; 
u_ratio_i=sqrt((u_Ai/A_d)^2+(u_Ad*Ai/(A_d^2))^2); 
u_ratio_o=sqrt((u_Ao/A_d)^2+(u_Ad*Ao/(A_d^2))^2); 

  
% loop that organizes matrix and calculates parameters of interest 

  
for i=1:length(raw)/channels; 

     
    T(i,:)=raw(channels*(i-1)+1:channels*i,1); 
    p_mean(i,1)=mean(raw(channels*(i-1)+1:channels*i,3)); 

     
    q_z12(i,1)=k_12*(T(i,1)-T(i,2))/L_12; 
    q_z23(i,1)=k_23*(T(i,2)-T(i,3))/L_23; 
    q_z13(i,1)=k_13*(T(i,1)-T(i,3))/L_13; 
    q_z46(i,1)=k_12*(T(i,4)-T(i,6))/L_13; 
    % area averaged heat flux 
    q_z_mean(i,1)=(Ai*k_13*(T(i,1)-T(i,3))/L_13+Ao*k_12*(T(i,4)-

T(i,6))/L_13)/(A_d);    

     
    delT_r1(i,1)=T(i,1)-T(i,4); 
    delT_r2(i,1)=T(i,2)-T(i,5); 
    delT_r3(i,1)=T(i,3)-T(i,6); 

     
    q_r1(i,1)=2*pi*L_12*k_12*((delT_r1(i)+delT_r2(i))/2)/log(r2/r1); 
    q_r2(i,1)=2*pi*L_12*k_12*((delT_r2(i)+delT_r3(i))/2)/log(r2/r1);  

     
    T_sat(i,1)=100; 
    T_inf(i,1)=T(i,7); 
    % wall temperature calculations 
    T_s1(i,1)=T(i,3)-q_z13(i,1)*(L_1/k_1+L_2/k_2+R_TIM); 
    T_s2(i,1)=T(i,6)-q_z46(i,1)*(L_1/k_1+L_2/k_2+R_TIM); 
    T_s(i,1)=(T_s1(i,1)+T_s2(i,1))/2; 
    Delta_Tsat(i,1)=T_s(i,1)-T_sat(i,1); 
    Delta_Ts(i,1)=T_s(i,1)-T_inf(i,1); 
end 

  
% uncertainties in temperature measurements 
u_T1=0.90+std(T(:,1))/sqrt(8); 
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u_T2=0.72+std(T(:,2))/sqrt(8); 
u_T3=0.68+std(T(:,3))/sqrt(8); 
u_T4=0.90+std(T(:,4))/sqrt(8); 
u_T5=0.76+std(T(:,5))/sqrt(8); 
u_T6=0.95+std(T(:,6))/sqrt(8); 
u_T12=(u_T1^2+u_T2^2)^0.5; 
u_T23=(u_T2^2+u_T3^2)^0.5; 
u_T13=(u_T1^2+u_T3^2)^0.5; 
u_T45=(u_T4^2+u_T5^2)^0.5; 
u_T56=(u_T5^2+u_T6^2)^0.5; 
u_T46=(u_T4^2+u_T6^2)^0.5; 

  
% uncertainty in area averaged heat flux and wall temperature 
u_q_tot=((ratio_i*u_T13*k_13/L_13)^2+(ratio_i*u_k13*(mean(T(:,3))-

mean(T(:,1)))/L_13)^2+(ratio_i*u_L13*(mean(T(:,3))-

mean(T(:,1)))*k_13/(L_13^2))^2+(k_13*(mean(T(:,3))-

mean(T(:,1)))*u_ratio_i/L_13)^2+(ratio_o*u_T46*k_13/L_13)^2+(ratio_o*u_

k13*mean((T(:,4))-mean(T(:,6)))/L_13)^2+(ratio_o*u_L13*(mean(T(:,4))-

mean(T(:,6)))*k_13/(L_13^2))^2+(u_ratio_o*k_13*(mean(T(:,4))-

mean(T(:,6)))/L_13)^2)^0.5; 
u_Ts=(u_T3^2+((R_1+R_2+R_TIM)*u_q_tot)^2+(mean(q_z_mean)*u_R1)^2+(mean(

q_z_mean)*u_R2)^2+(mean(q_z_mean)*u_R_TIM)^2)^0.5; 
u_q=u_q_tot; 
u_q12=((u_T12*k_12/L_12)^2+(u_k12*(mean(T(:,2))-

mean(T(:,1)))/L_12)^2+(u_L12*(mean(T(:,2))-

mean(T(:,1)))*k_12/(L_12^2))^2)^0.5; 
u_q23=((u_T23*k_23/L_23)^2+(u_k23*(mean(T(:,3))-

mean(T(:,2)))/L_23)^2+(u_L23*(mean(T(:,3))-

mean(T(:,2)))*k_23/(L_23^2))^2)^0.5; 
u_q13=((u_T13*k_13/L_13)^2+(u_k13*(mean(T(:,3))-

mean(T(:,1)))/L_13)^2+(u_L13*(mean(T(:,3))-

mean(T(:,1)))*k_13/(L_13^2))^2)^0.5; 
u_q46=((u_T46*k_13/L_13)^2+(u_k13*(mean(T(:,4))-

mean(T(:,6)))/L_13)^2+(u_L13*mean((T(:,4))-

mean(T(:,6)))*k_13/(L_13^2))^2)^0.5; 

  

  
T(:,9:13)=[p_mean(:) T_sat(:) T_s(:) Delta_Tsat(:) Delta_Ts(:)];  
T(:,15:19)=[q_z12(:) q_z23(:) q_z13(:) q_z46(:) q_z_mean(:)]; 
T(:,25:29)=[q_r1(:) q_r2(:) delT_r1(:) delT_r2(:) delT_r3(:)]; 

  
u_q_percent=100*u_q_tot/mean(q_z_mean); 
u_T_inf=sqrt(0.39^2+std(T_inf)/sqrt(length(T_inf))^2); 
u_delT=sqrt(u_T_inf^2+u_Ts^2) 

  
% convection coefficient and its uncertainty 
h_cv=mean(q_z_mean)/mean(Delta_Ts); 
u_hcv=sqrt((u_q_tot/mean(Delta_Ts))^2+(mean(q_z_mean)*u_delT/(mean(Delt

a_Ts)^2))^2); 

  
% fluid properties evaluated at the film temperature 
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rho_H=1000/(0.9965+(1.57333e-4)*mean(T_s)+(3.10389e-

6)*(mean(T_s))^2+(1.24357e-10)*(mean(T_s))^3) 
rho_L=1000/(0.9965+(1.57333e-4)*mean(T_inf)+(3.10389e-

6)*(mean(T_inf))^2+(1.24357e-10)*(mean(T_inf))^3) 
rho=0.5*(rho_H+rho_L) 
u_rho=abs(rho-rho_L) 
Cp_H=1000*(4.1738+(9.375E-5)*mean(T_s)-(1.375E-6)*mean(T_s)^2+(4.6094E-

8)*mean(T_s)^3); 
Cp_L=1000*(4.1738+(9.375E-5)*mean(T_inf)-(1.375E-

6)*mean(T_inf)^2+(4.6094E-8)*mean(T_inf)^3); 
Cp_mean=0.5*(Cp_H+Cp_L) 
u_Cp=abs(Cp_mean-Cp_H) 
T_sat=mean(T_sat) 
delT_sub=100-mean(T_inf) 
h_fg_H=1000*347.57*(374-mean(T_s))^(1/3) 
h_fg_L=1000*347.57*(374-mean(T_inf))^(1/3) 
h_fg_mean=0.5*(h_fg_H+h_fg_L) 
u_hfg=abs(h_fg_mean-h_fg_H) 

  
% spray efficiency and its uncertainty 
eta=mean(q_z_mean)/(rho*vol_flux*(Cp_mean*delT_sub+h_fg_mean)); 
u_LS=sqrt((delT_sub*u_Cp)^2+(Cp_mean*u_delT)^2+u_hfg); 
u_eta=sqrt((u_q_tot/(rho*vol_flux*(Cp_mean*delT_sub+h_fg_mean)))^2+(u_r

ho*mean(q_z_mean)/(rho^2*vol_flux*(Cp_mean*delT_sub+h_fg_mean)))^2+(u_v

ol_flux*mean(q_z_mean)/(rho*vol_flux^2*(Cp_mean*delT_sub+h_fg_mean)))^2

+(u_LS*mean(q_z_mean)/(rho*vol_flux*(Cp_mean*delT_sub+h_fg_mean)^2))^2)

; 

  
means=[mean(T) u_q_tot u_q_percent h_cv u_hcv eta u_eta u_Ts]; 
stdev=std(T) 

  
dlmwrite(file_name, means, '-append','newline','pc'); 

  
Z=load(file_name); 

  
%generate figure of q" vs delT_w after each data point is taken  
figure(1) 
q_vs_Tl=errorbar(Z(:,13),Z(:,19)/(100^2),Z(:,30)/(100^2),':d'); 
xlabel('T_s-T_l_i_q (\circC)') 
ylabel('q" (W/cm^{2})') 
 

 

‘cooling_curve_figs.m’ 
 

Z1=load('m00066b_reduced.txt') 
Z2=load('m00066f_reduced.txt') 
Z3=load('m0011b_reduced.txt') 
Z4=load('m0011f_reduced.txt') 
Z5=load('m0016b_reduced.txt') 
Z6=load('m0016f_reduced.txt') 
Z7=load('m002b_reduced.txt') 
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Z8=load('m002f_reduced.txt') 
Z9=load('m0025b_reduced.txt') 
Z10=load('m0025f_reduced.txt') 
Z11=load('m00066r_reduced.txt') 
Z12=load('m0011r_reduced.txt') 
Z13=load('m0016r_reduced.txt') 
Z14=load('m002r_reduced.txt') 
Z15=load('m0025r_reduced.txt') 
Z20=load('m00066cu_reduced.txt') 

  

  
figure(1) 
plot1=plot(Z1(:,13),Z1(:,19)/(100^2),'ko','MarkerSize',5) 
hold on 
plot1=plot(Z2(:,13),Z2(:,19)/(100^2),'ko','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5); 
hold on 
plot1=plot(Z11(:,13),Z11(:,19)/(100^2),'ko','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
plot(Z20(:,13),Z20(:,19)/(100^2),'kd','MarkerSize',5) 
hold on 
plot1=errorbar(Z1(1,13),Z1(1,19)/(100^2),Z1(1,24)/(100^2),'ko','MarkerS

ize',5); 
hold on 
plot1=errorbar(Z1(8,13),Z1(8,19)/(100^2),Z1(8,24)/(100^2),'ko','MarkerS

ize',5); 
hold on 
plot1=errorbar(Z1(17,13),Z1(17,19)/(100^2),Z1(17,24)/(100^2),'ko','Mark

erSize',5); 
hold on 
legend('"us" Surface','"gs" Surface','"fs" Surface','"cs" 

Surface','location','Northwest') 
xlabel('\DeltaT_w (\circC)') 
ylabel('q" (W/cm^{2})') 
%  
figure(2) 
plot2=plot(Z3(:,13),Z3(:,19)/(100^2),'k^','MarkerSize',5); 
hold on 
plot2=plot(Z4(:,13),Z4(:,19)/(100^2),'k^','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5); 
hold on 
plot2=plot(Z12(:,13),Z12(:,19)/(100^2),'k^','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
plot2=errorbar(Z3(1,13),Z3(1,19)/(100^2),Z3(1,24)/(100^2),'k^','MarkerS

ize',5); 
hold on 
plot2=errorbar(Z3(10,13),Z3(10,19)/(100^2),Z3(10,24)/(100^2),'k^','Mark

erSize',5); 
hold on 
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plot2=errorbar(Z3(20,13),Z3(20,19)/(100^2),Z3(20,24)/(100^2),'k^','Mark

erSize',5); 
legend('"us" Surface','"gs" Surface','"fs" 

Surface','location','Northwest') 
xlabel('\DeltaT_w (\circC)') 
ylabel('q" (W/cm^{2})') 

  
figure(3) 
plot3=plot(Z5(:,13),Z5(:,19)/(100^2),'k<','MarkerSize',5); 
hold on 
plot3=plot(Z6(:,13),Z6(:,19)/(100^2),'k<','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5); 
hold on 
plot3=plot(Z13(:,13),Z13(:,19)/(100^2),'k<','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
plot3=errorbar(Z5(3,13),Z5(3,19)/(100^2),Z5(3,24)/(100^2),'k<','MarkerS

ize',5); 
hold on 
plot3=errorbar(Z5(11,13),Z5(11,19)/(100^2),Z5(11,24)/(100^2),'k<','Mark

erSize',5); 
hold on 
plot3=errorbar(Z5(22,13),Z5(22,19)/(100^2),Z5(22,24)/(100^2),'k<','Mark

erSize',5); 
legend('"us" Surface','"gs" Surface','"fs" 

Surface','location','Northwest') 
xlabel('\DeltaT_w (\circC)') 
ylabel('q" (W/cm^{2})') 

  
figure(4) 
plot4=plot(Z7(:,13),Z7(:,19)/(100^2),'ks','MarkerSize',5); 
hold on 
plot4=plot(Z8(:,13),Z8(:,19)/(100^2),'ks','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5); 
hold on 
plot4=plot(Z14(:,13),Z14(:,19)/(100^2),'ks','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
plot4=errorbar(Z7(3,13),Z7(3,19)/(100^2),Z7(3,24)/(100^2),'ks','MarkerS

ize',5); 
hold on 
plot4=errorbar(Z7(21,13),Z7(21,19)/(100^2),Z7(21,24)/(100^2),'ks','Mark

erSize',5); 
hold on 
plot4=errorbar(Z7(12,13),Z7(12,19)/(100^2),Z7(12,24)/(100^2),'ks','Mark

erSize',5); 
legend('"us" Surface','"gs" Surface','"fs" 

Surface','location','Northwest') 
xlabel('\DeltaT_w (\circC)') 
ylabel('q" (W/cm^{2})') 

  
figure(5) 



125 

 

plot5=plot(Z9(:,13),Z9(:,19)/(100^2),'kh','MarkerSize',6); 
hold on 
plot5=plot(Z10(:,13),Z10(:,19)/(100^2),'kh','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',6); 
hold on 
plot5=plot(Z15(:,13),Z15(:,19)/(100^2),'kh','MarkerFaceColor',[0 0 

0],'MarkerSize',6) 
hold on 
plot5=errorbar(Z9(3,13),Z9(3,19)/(100^2),Z9(3,24)/(100^2),'kh','MarkerS

ize',6); 
hold on 
plot5=errorbar(Z9(25,13),Z9(25,19)/(100^2),Z9(25,24)/(100^2),'kh','Mark

erSize',6); 
hold on 
plot5=errorbar(Z9(14,13),Z9(14,19)/(100^2),Z9(14,24)/(100^2),'kh','Mark

erSize',6); 
legend('"us" Surface','"gs" Surface','"fs" 

Surface','location','Northwest') 
xlabel('\DeltaT_w (\circC)') 
ylabel('q" (W/cm^{2})') 

  
figure(6) 
plot6=plot(Z1(:,13),Z1(:,19)/(100^2),'ko','MarkerSize',5); 
hold on 
plot6=plot(Z3(:,13),Z3(:,19)/(100^2),'k^','MarkerSize',5); 
hold on 
plot6=plot(Z5(:,13),Z5(:,19)/(100^2),'k<','MarkerSize',5); 
hold on 
plot6=plot(Z7(:,13),Z7(:,19)/(100^2),'ks','MarkerSize',5); 
hold on 
plot6=plot(Z9(:,13),Z9(:,19)/(100^2),'kh','MarkerSize',6); 
hold on 
plot6=errorbar(Z3(1,13),Z3(1,19)/(100^2),Z3(1,24)/(100^2),'k^','MarkerS

ize',5); 
hold on 
plot6=errorbar(Z3(10,13),Z3(10,19)/(100^2),Z3(10,24)/(100^2),'k^','Mark

erSize',5); 
hold on 
plot6=errorbar(Z3(20,13),Z3(20,19)/(100^2),Z3(20,24)/(100^2),'k^','Mark

erSize',5); 
legend('0.54','0.90','1.36','1.69','2.07','location','Northeast') 
xlabel('\DeltaT_w (\circC)') 
ylabel('q" (W/cm^{2})') 

  

  
figure(7) 
plot7=plot(Z2(:,13),Z2(:,19)/(100^2),'ko','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5); 
hold on 
plot7=plot(Z4(:,13),Z4(:,19)/(100^2),'k^','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5); 
hold on 
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plot7=plot(Z6(:,13),Z6(:,19)/(100^2),'k<','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5); 
hold on 
plot7=plot(Z8(:,13),Z8(:,19)/(100^2),'ks','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5); 
hold on 
plot7=plot(Z10(:,13),Z10(:,19)/(100^2),'kh','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',6); 
hold on 
plot7=errorbar(Z4(1,13),Z4(1,19)/(100^2),Z4(1,24)/(100^2),'k^','MarkerF

aceColor',[0.8 0.8 0.8],'MarkerSize',5); 
hold on 
plot7=errorbar(Z4(10,13),Z4(10,19)/(100^2),Z4(10,24)/(100^2),'k^','Mark

erFaceColor',[0.8 0.8 0.8],'MarkerSize',5); 
hold on 
plot7=errorbar(Z4(13,13),Z4(13,19)/(100^2),Z4(13,24)/(100^2),'k^','Mark

erFaceColor',[0.8 0.8 0.8],'MarkerSize',5); 
legend('0.54','0.90','1.36','1.69','2.07','location','Northeast') 
xlabel('\DeltaT_w (\circC)') 
ylabel('q" (W/cm^{2})') 

  
figure(8) 
plot8=plot(Z11(:,13),Z11(:,19)/(100^2),'ko','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
plot8=plot(Z12(:,13),Z12(:,19)/(100^2),'k^','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
plot8=plot(Z13(:,13),Z13(:,19)/(100^2),'k<','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
plot8=plot(Z14(:,13),Z14(:,19)/(100^2),'ks','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
plot8=plot(Z15(:,13),Z15(:,19)/(100^2),'kh','MarkerFaceColor',[0 0 0]) 
hold on 
plot8=errorbar(Z13(1,13),Z13(1,19)/(100^2),Z13(1,24)/(100^2),'k<','Mark

erFaceColor',[0 0 0],'MarkerSize',5); 
hold on 
plot8=errorbar(Z13(14,13),Z13(14,19)/(100^2),Z13(14,24)/(100^2),'k<','M

arkerFaceColor',[0 0 0],'MarkerSize',5); 
hold on 
plot8=errorbar(Z13(24,13),Z13(24,19)/(100^2),Z13(24,24)/(100^2),'k<','M

arkerFaceColor',[0 0 0],'MarkerSize',5); 
legend('0.54','0.90','1.36','1.69','2.07','location','Northeast') 
xlabel('\DeltaT_w (\circC)') 
ylabel('q" (W/cm^{2})') 

 

‘convection_coeff_figs.m’ 

 
Z1=load('m00066b_reduced.txt') 
Z2=load('m00066f_reduced.txt') 
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Z3=load('m0011b_reduced.txt') 
Z4=load('m0011f_reduced.txt') 
Z5=load('m0016b_reduced.txt') 
Z6=load('m0016f_reduced.txt') 
Z7=load('m002b_reduced.txt') 
Z8=load('m002f_reduced.txt') 
Z9=load('m0025b_reduced.txt') 
Z10=load('m0025f_reduced.txt') 
Z11=load('m00066r_reduced.txt') 
Z12=load('m0011r_reduced.txt') 
Z13=load('m0016r_reduced.txt') 
Z14=load('m002r_reduced.txt') 
Z15=load('m0025r_reduced.txt') 
Z20=load('m00066cu_reduced.txt') 

  
figure(1) 
plot11=plot(Z1(:,13),Z1(:,32)/(100^2),'ko','MarkerSize',5) 
hold on 
plot11=plot(Z3(:,13),Z3(:,32)/(100^2),'k^','MarkerSize',5) 
hold on 
plot11=plot(Z5(:,13),Z5(:,32)/(100^2),'k<','MarkerSize',5) 
hold on 
plot11=plot(Z7(:,13),Z7(:,32)/(100^2),'ks','MarkerSize',5) 
hold on 
plot11=plot(Z9(:,13),Z9(:,32)/(100^2),'kh','MarkerSize',6) 
hold on 
plot11=errorbar(Z5(1,13),Z5(1,32)/(100^2),Z5(1,33)/(100^2),'k<','Marker

Size',5); 
hold on 
plot11=errorbar(Z5(10,13),Z5(10,32)/(100^2),Z5(10,33)/(100^2),'k<','Mar

kerSize',5); 
hold on 
plot11=errorbar(Z5(20,13),Z5(20,32)/(100^2),Z5(20,33)/(100^2),'k<','Mar

kerSize',5); 
legend('0.54','0.90','1.36','1.69','2.07','location','Northeast') 
xlabel('\DeltaT_w (\circC)') 
ylabel('h (W/cm^{2}K)') 

  
figure(2) 
plot12=plot(Z2(:,13),Z2(:,32)/(100^2),'ko','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5) 
hold on 
plot12=plot(Z4(:,13),Z4(:,32)/(100^2),'k^','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5) 
hold on 
plot12=plot(Z6(:,13),Z6(:,32)/(100^2),'k<','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5) 
hold on 
plot12=plot(Z8(:,13),Z8(:,32)/(100^2),'ks','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5) 
hold on 
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plot12=plot(Z10(:,13),Z10(:,32)/(100^2),'kh','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',6) 
hold on 
plot12=errorbar(Z6(1,13),Z6(1,32)/(100^2),Z6(1,33)/(100^2),'k<','Marker

FaceColor',[0.8 0.8 0.8],'MarkerSize',5); 
hold on 
plot12=errorbar(Z6(10,13),Z6(10,32)/(100^2),Z6(10,33)/(100^2),'k<','Mar

kerFaceColor',[0.8 0.8 0.8],'MarkerSize',5); 
hold on 
plot12=errorbar(Z6(13,13),Z6(13,32)/(100^2),Z6(13,33)/(100^2),'k<','Mar

kerFaceColor',[0.8 0.8 0.8],'MarkerSize',5); 
legend('0.54','0.90','1.36','1.69','2.07','location','Northeast') 
xlabel('\DeltaT_w (\circC)') 
ylabel('h (W/cm^{2}K)') 

  
figure(3) 
plot13=plot(Z11(:,13),Z11(:,32)/(100^2),'ko','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
plot13=plot(Z12(:,13),Z12(:,32)/(100^2),'k^','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
plot13=plot(Z13(:,13),Z13(:,32)/(100^2),'k<','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
plot13=plot(Z14(:,13),Z14(:,32)/(100^2),'ks','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
plot13=plot(Z15(:,13),Z15(:,32)/(100^2),'kh','MarkerFaceColor',[0 0 

0],'MarkerSize',6) 
hold on 
plot13=errorbar(Z13(1,13),Z13(1,32)/(100^2),Z13(1,33)/(100^2),'k<','Mar

kerFaceColor',[0 0 0],'MarkerSize',5); 
hold on 
plot13=errorbar(Z13(10,13),Z13(10,32)/(100^2),Z13(10,33)/(100^2),'k<','

MarkerFaceColor',[0 0 0],'MarkerSize',5); 
hold on 
plot13=errorbar(Z13(23,13),Z13(23,32)/(100^2),Z13(23,33)/(100^2),'k<','

MarkerFaceColor',[0 0 0],'MarkerSize',5); 
hold on 
legend('0.54','0.90','1.36','1.69','2.07','location','Northeast') 
xlabel('\DeltaT_w (\circC)') 
ylabel('h (W/cm^{2}K)') 

  
% Plots of h vs q" 

  
figure(4) 
plot14=plot(Z1(:,19)/(100^2),Z1(:,32)/(100^2),'ko','MarkerSize',5) 
hold on 
plot14=plot(Z3(:,19)/(100^2),Z3(:,32)/(100^2),'k^','MarkerSize',5) 
hold on 
plot14=plot(Z5(:,19)/(100^2),Z5(:,32)/(100^2),'k<','MarkerSize',5) 
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hold on 
plot14=plot(Z7(:,19)/(100^2),Z7(:,32)/(100^2),'ks','MarkerSize',5) 
hold on 
plot14=plot(Z9(:,19)/(100^2),Z9(:,32)/(100^2),'kh','MarkerSize',6) 
hold on 
plot14=errorbar(Z5(1,19)/(100^2),Z5(1,32)/(100^2),Z5(1,33)/(100^2),'k<'

,'MarkerSize',5); 
hold on 
plot14=errorbar(Z5(10,19)/(100^2),Z5(10,32)/(100^2),Z5(10,33)/(100^2),'

k<','MarkerSize',5); 
hold on 
plot14=errorbar(Z5(20,19)/(100^2),Z5(20,32)/(100^2),Z5(20,33)/(100^2),'

k<','MarkerSize',5); 
legend('0.54','0.90','1.36','1.69','2.07','location','Northeast') 
xlabel('q" (W/cm^{2})') 
ylabel('h (W/cm^{2}K)') 

  
figure 
plot15=plot(Z2(:,19)/(100^2),Z2(:,32)/(100^2),'ko','MarkerFaceColor',[0

.8 0.8 0.8],'MarkerSize',5) 
hold on 
plot15=plot(Z4(:,19)/(100^2),Z4(:,32)/(100^2),'k^','MarkerFaceColor',[0

.8 0.8 0.8],'MarkerSize',5) 
hold on 
plot15=plot(Z6(:,19)/(100^2),Z6(:,32)/(100^2),'k<','MarkerFaceColor',[0

.8 0.8 0.8],'MarkerSize',5) 
hold on 
plot15=plot(Z8(:,19)/(100^2),Z8(:,32)/(100^2),'ks','MarkerFaceColor',[0

.8 0.8 0.8],'MarkerSize',5) 
hold on 
plot15=plot(Z10(:,19)/(100^2),Z10(:,32)/(100^2),'kh','MarkerFaceColor',

[0.8 0.8 0.8],'MarkerSize',6) 
hold on 
plot15=errorbar(Z6(1,19)/(100^2),Z6(1,32)/(100^2),Z6(1,33)/(100^2),'k<'

,'MarkerFaceColor',[0.8 0.8 0.8],'MarkerSize',5); 
hold on 
plot15=errorbar(Z6(10,19)/(100^2),Z6(10,32)/(100^2),Z6(10,33)/(100^2),'

k<','MarkerFaceColor',[0.8 0.8 0.8],'MarkerSize',5); 
hold on 
plot15=errorbar(Z6(13,19)/(100^2),Z6(13,32)/(100^2),Z6(13,33)/(100^2),'

k<','MarkerFaceColor',[0.8 0.8 0.8],'MarkerSize',5); 
legend('0.54','0.90','1.36','1.69','2.07','location','Northeast') 
xlabel('q" (W/cm^{2})') 
ylabel('h (W/cm^{2}K)') 

  
figure 
plot16=plot(Z11(:,19)/(100^2),Z11(:,32)/(100^2),'ko','MarkerFaceColor',

[0 0 0],'MarkerSize',5) 
hold on 
plot16=plot(Z12(:,19)/(100^2),Z12(:,32)/(100^2),'k^','MarkerFaceColor',

[0 0 0],'MarkerSize',5) 
hold on 
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plot16=plot(Z13(:,19)/(100^2),Z13(:,32)/(100^2),'k<','MarkerFaceColor',

[0 0 0],'MarkerSize',5) 
hold on 
plot16=plot(Z14(:,19)/(100^2),Z14(:,32)/(100^2),'ks','MarkerFaceColor',

[0 0 0],'MarkerSize',5) 
hold on 
plot16=plot(Z15(:,19)/(100^2),Z15(:,32)/(100^2),'kh','MarkerFaceColor',

[0 0 0],'MarkerSize',6) 
hold on 
plot16=errorbar(Z13(1,19)/(100^2),Z13(1,32)/(100^2),Z13(1,33)/(100^2),'

k<','MarkerFaceColor',[0 0 0],'MarkerSize',5); 
hold on 
plot16=errorbar(Z13(10,19)/(100^2),Z13(10,32)/(100^2),Z13(10,33)/(100^2

),'k<','MarkerFaceColor',[0 0 0],'MarkerSize',5); 
hold on 
plot16=errorbar(Z13(23,19)/(100^2),Z13(23,32)/(100^2),Z13(23,33)/(100^2

),'k<','MarkerFaceColor',[0 0 0],'MarkerSize',5); 
hold on 
legend('0.54','0.90','1.36','1.69','2.07','location','Northeast') 
xlabel('q" (W/cm^{2})') 
ylabel('h (W/cm^{2}K)') 

  
% h vs q" for different discs 

  
figure 
plot1=plot(Z1(:,19)/(100^2),Z1(:,32)/(100^2),'ko','MarkerSize',5) 
hold on 
plot1=plot(Z2(:,19)/(100^2),Z2(:,32)/(100^2),'ko','MarkerFaceColor',[0.

8 0.8 0.8],'MarkerSize',5); 
hold on 
plot1=plot(Z11(:,19)/(100^2),Z11(:,32)/(100^2),'ko','MarkerFaceColor',[

0 0 0],'MarkerSize',5) 
hold on 
plot1=plot(Z20(:,19)/(100^2),Z20(:,32)/(100^2),'kd','MarkerSize',5); 
hold on 
plot1=errorbar(Z1(1,19)/(100^2),Z1(1,32)/(100^2),Z1(1,33)/(100^2),'ko',

'MarkerSize',5); 
hold on 
plot1=errorbar(Z1(8,19)/(100^2),Z1(8,32)/(100^2),Z1(8,33)/(100^2),'ko',

'MarkerSize',5); 
hold on 
plot1=errorbar(Z1(17,19)/(100^2),Z1(17,32)/(100^2),Z1(17,33)/(100^2),'k

o','MarkerSize',5); 
legend('"us" Surface','"gs" Surface','"fs" Surface','"cs" 

Surface','location','Northwest') 
ylabel('h_c_v (W/cm^2K)') 
xlabel('q" (W/cm^{2})') 

  

  
figure 
plot2=plot(Z3(:,19)/(100^2),Z3(:,32)/(100^2),'k^','MarkerSize',5); 
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hold on 
plot2=plot(Z4(:,19)/(100^2),Z4(:,32)/(100^2),'k^','MarkerFaceColor',[0.

8 0.8 0.8],'MarkerSize',5); 
hold on 
plot2=plot(Z12(:,19)/(100^2),Z12(:,32)/(100^2),'k^','MarkerFaceColor',[

0 0 0],'MarkerSize',5) 
hold on 
plot2=errorbar(Z3(1,19)/(100^2),Z3(1,32)/(100^2),Z3(1,33)/(100^2),'k^',

'MarkerSize',5); 
hold on 
plot2=errorbar(Z3(10,19)/(100^2),Z3(10,32)/(100^2),Z3(10,33)/(100^2),'k

^','MarkerSize',5); 
hold on 
plot2=errorbar(Z3(20,19)/(100^2),Z3(20,32)/(100^2),Z3(20,33)/(100^2),'k

^','MarkerSize',5); 
legend('"us" Surface','"gs" Surface','"fs" 

Surface','location','Northwest') 
ylabel('h_c_v (W/cm^2K)') 
xlabel('q" (W/cm^{2})') 

  
figure 
plot3=plot(Z5(:,19)/(100^2),Z5(:,32)/(100^2),'k<','MarkerSize',5); 
hold on 
plot3=plot(Z6(:,19)/(100^2),Z6(:,32)/(100^2),'k<','MarkerFaceColor',[0.

8 0.8 0.8],'MarkerSize',5); 
hold on 
plot3=plot(Z13(:,19)/(100^2),Z13(:,32)/(100^2),'k<','MarkerFaceColor',[

0 0 0],'MarkerSize',5) 
hold on 
plot3=errorbar(Z5(3,19)/(100^2),Z5(3,32)/(100^2),Z5(3,33)/(100^2),'k<',

'MarkerSize',5); 
hold on 
plot3=errorbar(Z5(11,19)/(100^2),Z5(11,32)/(100^2),Z5(11,33)/(100^2),'k

<','MarkerSize',5); 
hold on 
plot3=errorbar(Z5(22,19)/(100^2),Z5(22,32)/(100^2),Z5(22,33)/(100^2),'k

<','MarkerSize',5); 
legend('"us" Surface','"gs" Surface','"fs" 

Surface','location','Northwest') 
ylabel('h_c_v (W/cm^2K)') 
xlabel('q" (W/cm^{2})') 
%  
figure 
plot4=plot(Z7(:,19)/(100^2),Z7(:,32)/(100^2),'ks','MarkerSize',5); 
hold on 
plot4=plot(Z8(:,19)/(100^2),Z8(:,32)/(100^2),'ks','MarkerFaceColor',[0.

8 0.8 0.8],'MarkerSize',5); 
hold on 
plot4=plot(Z14(:,19)/(100^2),Z14(:,32)/(100^2),'ks','MarkerFaceColor',[

0 0 0],'MarkerSize',5) 
hold on 
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plot4=errorbar(Z7(3,19)/(100^2),Z7(3,32)/(100^2),Z7(3,33)/(100^2),'ks',

'MarkerSize',5); 
hold on 
plot4=errorbar(Z7(21,19)/(100^2),Z7(21,32)/(100^2),Z7(21,33)/(100^2),'k

s','MarkerSize',5); 
hold on 
plot4=errorbar(Z7(12,19)/(100^2),Z7(12,32)/(100^2),Z7(12,33)/(100^2),'k

s','MarkerSize',5); 
legend('"us" Surface','"gs" Surface','"fs" 

Surface','location','Northwest') 
ylabel('h_c_v (W/cm^2K)') 
xlabel('q" (W/cm^{2})') 
%  
figure 
plot5=plot(Z9(:,19)/(100^2),Z9(:,32)/(100^2),'kh','MarkerSize',6); 
hold on 
plot5=plot(Z10(:,19)/(100^2),Z10(:,32)/(100^2),'kh','MarkerFaceColor',[

0.8 0.8 0.8],'MarkerSize',6); 
hold on 
plot5=plot(Z15(:,19)/(100^2),Z15(:,32)/(100^2),'kh','MarkerFaceColor',[

0 0 0],'MarkerSize',6) 
hold on 
plot5=errorbar(Z9(3,19)/(100^2),Z9(3,32)/(100^2),Z9(3,33)/(100^2),'kh',

'MarkerSize',6); 
hold on 
plot5=errorbar(Z9(25,19)/(100^2),Z9(25,32)/(100^2),Z9(25,33)/(100^2),'k

h','MarkerSize',6); 
hold on 
plot5=errorbar(Z9(14,19)/(100^2),Z9(14,32)/(100^2),Z9(14,33)/(100^2),'k

h','MarkerSize',6); 
legend('"us" Surface','"gs" Surface','"fs" 

Surface','location','Northwest') 
ylabel('h_c_v (W/cm^2K)') 
xlabel('q" (W/cm^{2})') 

 

‘eta_figs.m’ 

 
Z1=load('m00066b_reduced.txt') 
Z2=load('m00066f_reduced.txt') 
Z3=load('m0011b_reduced.txt') 
Z4=load('m0011f_reduced.txt') 
Z5=load('m0016b_reduced.txt') 
Z6=load('m0016f_reduced.txt') 
Z7=load('m002b_reduced.txt') 
Z8=load('m002f_reduced.txt') 
Z9=load('m0025b_reduced.txt') 
Z10=load('m0025f_reduced.txt') 
Z11=load('m00066r_reduced.txt') 
Z12=load('m0011r_reduced.txt') 
Z13=load('m0016r_reduced.txt') 
Z14=load('m002r_reduced.txt') 
Z15=load('m0025r_reduced.txt') 



133 

 

  
% Plots of eta vs. q" for discs  

  
figure 
plot1=plot(Z1(:,13),Z1(:,34),'ko','MarkerSize',5) 
hold on 
plot1=plot(Z2(:,13),Z2(:,34),'ko','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5); 
hold on 
plot1=plot(Z11(:,13),Z11(:,34),'ko','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
plot1=errorbar(Z1(1,13),Z1(1,34),Z1(1,35),'ko','MarkerSize',5); 
hold on 
plot1=errorbar(Z1(8,13),Z1(8,34),Z1(8,35),'ko','MarkerSize',5); 
hold on 
plot1=errorbar(Z1(17,13),Z1(17,34),Z1(17,35),'ko','MarkerSize',5); 
legend('"us" Surface','"gs" Surface','"fs" 

Surface','location','Northwest') 
ylabel('\eta') 
xlabel('\DeltaT_w (\circC)') 

  

  
figure 
plot2=plot(Z3(:,13),Z3(:,34),'k^','MarkerSize',5); 
hold on 
plot2=plot(Z4(:,13),Z4(:,34),'k^','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5); 
hold on 
plot2=plot(Z12(:,13),Z12(:,34),'k^','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
plot2=errorbar(Z3(1,13),Z3(1,34),Z3(1,35),'k^','MarkerSize',5); 
hold on 
plot2=errorbar(Z3(10,13),Z3(10,34),Z3(10,35),'k^','MarkerSize',5); 
hold on 
plot2=errorbar(Z3(20,13),Z3(20,34),Z3(20,35),'k^','MarkerSize',5); 
legend('"us" Surface','"gs" Surface','"fs" 

Surface','location','Northwest') 
ylabel('\eta') 
xlabel('\DeltaT_w (\circC)') 

  
figure 
plot3=plot(Z5(:,13),Z5(:,34),'k<','MarkerSize',5); 
hold on 
plot3=plot(Z6(:,13),Z6(:,34),'k<','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5); 
hold on 
plot3=plot(Z13(:,13),Z13(:,34),'k<','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
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plot3=errorbar(Z5(3,13),Z5(3,34),Z5(3,35),'k<','MarkerSize',5); 
hold on 
plot3=errorbar(Z5(11,13),Z5(11,34),Z5(11,35),'k<','MarkerSize',5); 
hold on 
plot3=errorbar(Z5(22,13),Z5(22,34),Z5(22,35),'k<','MarkerSize',5); 
legend('"us" Surface','"gs" Surface','"fs" 

Surface','location','Northwest') 
ylabel('\eta') 
xlabel('\DeltaT_w (\circC)') 

  
figure 
plot4=plot(Z7(:,13),Z7(:,34),'ks','MarkerSize',5); 
hold on 
plot4=plot(Z8(:,13),Z8(:,34),'ks','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5); 
hold on 
plot4=plot(Z14(:,13),Z14(:,34),'ks','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
plot4=errorbar(Z7(3,13),Z7(3,34),Z7(3,35),'ks','MarkerSize',5); 
hold on 
plot4=errorbar(Z7(21,13),Z7(21,34),Z7(21,35),'ks','MarkerSize',5); 
hold on 
plot4=errorbar(Z7(12,13),Z7(12,34),Z7(12,35),'ks','MarkerSize',5); 
legend('"us" Surface','"gs" Surface','"fs" 

Surface','location','Northwest') 
ylabel('\eta') 
xlabel('\DeltaT_w (\circC)') 

  
figure 
plot5=plot(Z9(:,13),Z9(:,34),'kh','MarkerSize',6); 
hold on 
plot5=plot(Z10(:,13),Z10(:,34),'kh','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',6); 
hold on 
plot5=plot(Z15(:,13),Z15(:,34),'kh','MarkerFaceColor',[0 0 

0],'MarkerSize',6) 
hold on 
plot5=errorbar(Z9(3,13),Z9(3,34),Z9(3,35),'kh','MarkerSize',6); 
hold on 
plot5=errorbar(Z9(25,13),Z9(25,34),Z9(25,35),'kh','MarkerSize',6); 
hold on 
plot5=errorbar(Z9(14,13),Z9(14,34),Z9(14,35),'kh','MarkerSize',6); 
legend('"us" Surface','"gs" Surface','"fs" 

Surface','location','Northwest') 
ylabel('\eta') 
xlabel('\DeltaT_w (\circC)') 

  
% Plot of efficiency vs Ts-Tliq for flow rates 
% Blank Disc 
figure 
plot10=plot(Z1(:,13),Z1(:,34),'ko','MarkerSize',5) 
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hold on 
plot10=plot(Z3(:,13),Z3(:,34),'k^','MarkerSize',5) 
hold on 
plot10=plot(Z5(:,13),Z5(:,34),'k<','MarkerSize',5) 
hold on 
plot10=plot(Z7(:,13),Z7(:,34),'ks','MarkerSize',5) 
hold on 
plot10=plot(Z9(:,13),Z9(:,34),'kh','MarkerSize',6) 
hold on 
plot10=errorbar(Z5(1,13),Z5(1,34),Z5(1,35),'k<','MarkerSize',5); 
hold on 
plot10=errorbar(Z5(10,13),Z5(10,34),Z5(10,35),'k<','MarkerSize',5); 
hold on 
plot10=errorbar(Z5(20,13),Z5(20,34),Z5(20,35),'k<','MarkerSize',5); 
legend('0.54','0.90','1.36','1.69','2.07','location','Northeast') 
xlabel('\DeltaT_w (\circC)') 
ylabel('\eta') 

  
% Fractal Groove 
figure 
plot11=plot(Z2(:,13),Z2(:,34),'ko','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5) 
hold on 
plot11=plot(Z4(:,13),Z4(:,34),'k^','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5) 
hold on 
plot11=plot(Z6(:,13),Z6(:,34),'k<','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5) 
hold on 
plot11=plot(Z8(:,13),Z8(:,34),'ks','MarkerFaceColor',[0.8 0.8 

0.8],'MarkerSize',5) 
hold on 
plot11=plot(Z10(:,13),Z10(:,34),'kh','MarkerFaceColor',[0.8 0.8 0.8]) 
hold on 
plot11=errorbar(Z6(1,13),Z6(1,34),Z6(1,35),'k<','MarkerFaceColor',[0.8 

0.8 0.8],'MarkerSize',5); 
hold on 
plot11=errorbar(Z6(10,13),Z6(10,34),Z6(10,35),'k<','MarkerFaceColor',[0

.8 0.8 0.8],'MarkerSize',5); 
hold on 
plot11=errorbar(Z6(13,13),Z6(13,34),Z6(13,35),'k<','MarkerFaceColor',[0

.8 0.8 0.8],'MarkerSize',5); 
legend('0.54','0.90','1.36','1.69','2.07','location','Northeast') 
xlabel('\DeltaT_w (\circC)') 
ylabel('\eta') 

  
% Fractal Fins 
figure 
plot12=plot(Z11(:,13),Z11(:,34),'ko','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
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plot12=plot(Z12(:,13),Z12(:,34),'k^','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
plot12=plot(Z13(:,13),Z13(:,34),'k<','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
plot12=plot(Z14(:,13),Z14(:,34),'ks','MarkerFaceColor',[0 0 

0],'MarkerSize',5) 
hold on 
plot12=plot(Z15(:,13),Z15(:,34),'kh','MarkerFaceColor',[0 0 0]) 
hold on 
plot12=errorbar(Z13(1,13),Z13(1,34),Z13(1,35),'k<','MarkerFaceColor',[0 

0 0],'MarkerSize',5); 
hold on 
plot12=errorbar(Z13(14,13),Z13(14,34),Z13(14,35),'k<','MarkerFaceColor'

,[0 0 0],'MarkerSize',5); 
hold on 
plot12=errorbar(Z13(24,13),Z13(24,34),Z13(24,35),'k<','MarkerFaceColor'

,[0 0 0],'MarkerSize',5); 
legend('0.54','0.90','1.36','1.69','2.07','location','Northeast') 
xlabel('\DeltaT_w (\circC)') 
ylabel('\eta') 

 

‘correlation_figs.m’ 

 
Z1=load('m00066b_reduced.txt') 
Z3=load('m0011b_reduced.txt') 
Z5=load('m0016b_reduced.txt') 
Z7=load('m002b_reduced.txt') 
Z9=load('m0025b_reduced.txt') 

  
%correlations 
%program for calculating CHF using correlation from Mudawar 
% All properties are evaluated at the film temperature 
T_liq=63.5 
rho_f=980; %liquid density 
rho_v=0.569; %air density 
h_fg=2300000; %latent heat of vaporization [kJ/kg] 
sigma=0.066; %surface tension of liquid [N/m] 
C_p_f=4217; %specific heat of fluid [kJ/kg-K] 
DeltaT_sub=36.5;%liquid subcooling [deg C] 
d_o=0.00051; %orifice diameter [m] 
DeltaP=4.25*101325; %pressure drop across nozzle [Pa] 
mu_f=0.00045;  %viscosity of liquid [N-s/m^2] 
k_f=0.66; 
A=0.25*pi*(1.49*0.0254)^2; %heat flux area [m^2] 
theta=68.3*pi/180; 

  
v_dot=[0.00054,0.00089,0.0013,0.0017,0.002]; %mass flux [m/s] 

  
We=rho_v*(2*DeltaP/rho_f)*d_o/sigma %Weber # 
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Re_smd=rho_f*((2*DeltaP/rho_f)^0.5)*d_o/mu_f% Reynolds # for smd calc 
d_32=3.67*d_o*((We^0.5)*(Re_smd))^(-0.259)%Sauter mean diameter 

correlation 
q_CHF=0.25*2.3*rho_v*h_fg*v_dot.*((rho_f/rho_v)^0.3).*((rho_f.*(0.25*v_

dot).^2*d_32)/sigma).^(-

0.35)*(1+0.0019*rho_f*C_p_f*DeltaT_sub/(rho_v*h_fg)); 
q_CHF_1=q_CHF/(100^2) 

  
Pr=2.29; 

  
v_dot1=[0.00054 0.0009 0.00136 0.00169 0.0021]; 
Re_q1=rho_f*v_dot1*d_32/mu_f; 
Nu1=4.7*(Re_q1.^0.61)*Pr^0.32; 

  
T_w1=80:1:98; 
q_1phase1=Nu1.*(T_w1-T_liq)*k_f/d_32; 

  
figure 
plot=plot(Z1(:,13),Z1(:,19)/(100^2),'ko','MarkerSize',5); 
hold on 
plot=plot(Z3(:,13),Z3(:,19)/(100^2),'k^','MarkerSize',5); 
hold on 
plot=plot(Z5(:,13),Z5(:,19)/(100^2),'k<','MarkerSize',5); 
hold on 
plot=plot(Z7(:,13),Z7(:,19)/(100^2),'ks','MarkerSize',5); 
hold on 
plot=plot(Z9(:,13),Z9(:,19)/(100^2),'kh','MarkerSize',6); 
hold on 
plot=errorbar(Z3(1,13),Z3(1,19)/(100^2),Z3(1,24)/(100^2),'k^','MarkerSi

ze',5); 
hold on 
plot=errorbar(Z3(10,13),Z3(10,19)/(100^2),Z3(10,24)/(100^2),'k^','Marke

rSize',5); 
hold on 
plot=errorbar(Z3(20,13),Z3(20,19)/(100^2),Z3(20,24)/(100^2),'k^','Marke

rSize',5); 
hold on 
plot(T_w1-T_liq,q_1phase1/100^2,T_w2-T_liq,q_1phase2/100^2,':',T_w3-

T_liq,q_1phase3/100^2,'-.',T_w4-T_liq,q_1phase4/100^2,'--',T_w5-

T_liq,q_1phase5/100^2) 
hold on 
plot(10:60,q_CHF_1(1),10:60,q_CHF_1(2),10:60,q_CHF_1(3),10:60,q_CHF_1(4

),10:60,q_CHF_1(5)) 
legend('0.54','0.90','1.36','1.69','2.07','location','Northeast') 
xlabel('\DeltaT_w (\circC)') 
ylabel('q" (W/cm^{2})') 

 

 

 



138 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX G: Additional figures of results 
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Figure G.1 Spray efficiency versus wall temperature 

difference at Q” = 0.00054 m3/m2s 

Figure G.2 Spray efficiency versus wall temperature difference at Q” = 0.0009 m3/m2s 
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Figure G.3 Spray efficiency versus wall temperature difference at Q” = 0.00136 m3/m2s 

Figure G.4 Spray efficiency versus wall temperature 

difference at Q” = 0.00169 m3/m2s 
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Figure G.5 Spray efficiency versus wall temperature 

difference at Q” = 0.002 m3/m2s 

Figure G.6 Heat flux versus wall temperature difference at for ‘fs’ surface 
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Figure G.7 Convection coefficient versus heat flux for ‘fs’ 

surface 

Figure G.8 Spray efficiency versus wall temperature difference for ‘fs’ surface 
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APPENDIX H: Experimental procedures 
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1. Turn on the water bath and set the temperature to 69.3C.  Make sure the water 

level is at the “Max Fill” line. 

2. Turn on the National Instruments chassis, housing the 16 channel transducer 

multiplexor and the temperature sensor terminal block. 

3. Open the LabView file named “high_freq_temp_meas_final.vi” and hit run. 

Make sure the “Write to File” button in the bottom left corner is not lit. This 

program records and/or displays the temperature and pressure at the nozzle, as 

well as 5 temperatures in the copper neck region. 

4. Remove the top of the spray chamber and adjust the nozzle height to be 1” 

above the disc surface.  The volumetric flux calibration is based on this initial 

height. Return top of the spray chamber and carefully turn on the cold water in 

the sink.  Not too high!  Only a small flow rate is needed.  Too much and the 

copper/plastic tubing connection will leak and you will introduce non-potable 

water into the system.        

5. When the water bath temperature reaches 69.3C, turn on the pump. 

6. Adjust the pump dial until the rotameter reading is between 74 and 75.  This 

should correspond to a nozzle pressure of 79 (+/- 2) psia.  If a higher pressure is 

required to achieve the specified rotameter reading, one (or both) of two filters 

may be clogged.  The first filter is built into the inlet of the rotameter, and the 

second is part of the spray nozzle assembly.  The rotameter reading needs to be 

checked frequently throughout testing as a positive drift in the flow rate occurs 

over time. 
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7. Place the end of the spray chamber outlet tubing over the red bucket.  As soon 

as the water level in the chamber gets high enough to initiate flow, open the 

water bath lid and put the chamber outlet tubing into the water bath.  The 

temperature may go down as much as 1C in the bath from the initial flood of 

water.  With the pump on, the water bath will take a long time to get back to 

69.3C, so turn off the pump. 

8. When the water bath reaches 69.3C again, repeat step 7.  This may need to be 

done two or three times before steady state occurs.   

9. Once this steady state is reached, the nozzle temperature should slowly rise.  At 

a nozzle temperature reading of 63C, the system is steady.  The nozzle 

temperature should range between 63C and 64C throughout testing.  

10. Turn the power switch on the front panel of the power controller to “On”.  The 

“High Limit Alarm/Reset button should be red, indicating that no power is being 

supplied to the heaters.  The numerical display will show two numbers.  The top 

number is the actual temperature of the copper near the heaters measure by an 

imbedded RTD.  The bottom number is the set point temperature.   

11. Adjust the set point temperature to approximately 90C and then push the red 

button.  The actual temperature should reach the set point in less than a 

minute. There may be some overshoot at this low temperature.  If the actual 

temperature passes the set point value and shows no sign of slowing down, turn 

the power switch to off and then back on.  Increase the set point temperature 
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to 20C above the actual temperature and push the red button. The controller 

should get the temperature to settle just above the set point value.   

12. In twenty degree increments, bring the set point temperature up to 210C, 

allowing steady state to be reached each time.  The PID controller will bring the 

temperature to approximately 3C above the set point, and will generally 

oscillate from 1-5C above the set point.  This oscillation only has a small effect 

on the temperature measurements in the neck.   

13. The neck temperatures should reach steady state within a minute or two at 

which point hit the stop button in the LabView, enter the path to the folder 

where the raw data is to be stored and the raw data .txt file name into block 

diagram, depress the “Write to File” button, and hit run.  There are 7 channels, 

so every 7 iterations one replication has been done.  All data was taken with 9 

replications (63 iterations in LabView).  When the iteration number hits 63, push 

the stop button. 

14. The data can be viewed by running the MatLab function file named 

“data_reduction”.  The inputs to the function file are simply the raw data text 

file name (entered into the LabView block diagram), and the desired reduced 

data text file name.  The output generates a 1x31 matrix in MatLab called “Z”, 

containing reduced data from the means of the repetitions and replications. 

This matrix is exported automatically to the reduced data text file. Every time a 

new raw data file is reduced with this function file, a 1x31 matrix is appended to 

the reduced data text file. The function file also generates a plot of heat flux vs. 
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the wall to fluid temperature difference so that each data point can be viewed 

before the next 20C increment is set.    

15. Increase the set point temperature by 20C, and repeat steps 13 and 14 until CHF 

or a maximum set point temperature of 700C is reached.  As CHF draws near, 

the temperature increments should be decreased to 10C.  This avoids a sudden 

and rapid temperature rise in the neck, which can exceed the maximum 

operating temperature of the TIM (200C) and/or the Teflon crown (220C).       

16. When CHF occurs, turn the power supply off and then back on so that the base 

temperature can be monitored, but no power is being supplied.  Top off the 

water bath as the level will be low at this point.  Increase the flow rate to a 

rotameter reading of 85 so that the temperature runoff does not continue.  To 

speed up the cool down process, the bath temperature can be set to 25C, and 

the nozzle can be lowered to the height corresponding to the next flow rate test 

point.  Depending on the conditions, it will take about 90 minutes to get the 

base temperature to ~150C, at which point all systems can either be shut down, 

or the next run can be started.                                  
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APPENDIX I: Comparison with Hsieh and Yao [18]  
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Figure I.1 Comparison of spray cooling curves for each surface with [18] 
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APPENDIX J: Droplet velocity estimation  
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Immediately exiting the nozzle, gravity and hydrodynamic drag forces from the 

ambient air begin to influence the velocity of the droplets.  Figure J.1 is the force balance 

applied to a droplet under the above conditions where 
WF  and 

DF  are the weight and drag 

force defined in Eq’s. J.1 and J.2, respectively.   

gmF dW                                                             (J.1) 

  pladDD AVCF 2Re
2

1
                                                 (J.2) 

Applying Newton’s 2
nd

 Law and rearranging terms leads to the non-linear 

inhomogeneous first order ordinary differential equation     

    gVC
ddt

dV
dD

l

a  2

32

Re
4

3




                                          (J.3) 

The drag coefficient, DC , is a function of the droplet Reynolds number, dRe , and was 

evaluated from Eq. J.4 determined experimentally by Beard and Pruppacher [X] 

  632.0Re189.01
Re

24
d

d

DC                                                (J.4) 

Equation (J.4) is valid for 200Re20  d  which was found to encompass the velocity 

solution in the nozzle-to-surface range used for spray cooling tests.  
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 Equation J.3 was transformed into a system of first order initial value problems in 

H and V and solved in MATLAB using the ode45 solver. The solution is plotted in Fig. 

J.2 as velocity versus nozzle-to-surface distance. The droplet exits the nozzle at a velocity 

of 29 m/s, as estimated from Eq. 2.6, and rapidly slows down to a value of 22 m/s at a 

nozzle distance of 41 mm and to 18 m/s at a nozzle distance of 63 mm; the nozzle-to-

surface range used during spray cooling testing.  Terminal velocity of the droplet is 0.26 

m/s and is reached at approximately 300 mm.  Assuming droplets do not interact in the 

spray, the droplet velocity at the impingement surface is estimated at 20 ± 2 m/s.  Also 

plotted is the drag coefficient, DC , versus droplet Reynolds number, dRe , in Fig. J.3.                

Figure J.1 Droplet free body diagram 
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Figure J.2 Droplet velocity versus nozzle-to-surface distance 

Figure J.3 Droplet drag coefficient versus Reynolds number 
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