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The ever increasing requirements for heat dissipation in various thermal management 

applications such as computer chip cooling and high power electronics have necessitated 

the need for novel thermal management techniques. Thermal management using heat sinks 

with microscale features is amongst the prominent techniques developed over the past two 

decades. In this dissertation, single and phase change heat transfer and pressure drop 

through one such heat sink, namely microscale pin fin heat sinks (µPFHS), is examined 



 

 

 

experimentally. In particular, effects of pitch-to-diameter and aspect ratio variations are 

studied on the thermofluidic performance of studied µPFHSs. 

 

Single phase heat transfer and pressure drop of two distinct fluids, liquid nitrogen and 

Performance Fluid (PF5060) are characterized experimentally through the µPFHSs with 

staggered diamond shape pin fins. The LN2 and PF5060 experiments’ Reynolds number 

(𝑅𝑒𝐷ℎ, based on pin fin hydraulic diameter) is in range of 108-570 and 8-462, respectively. 

Results are presented in a non-dimensional form in terms of the friction factor (f), Nusselt 

(Nu), and Reynolds numbers and are compared with the predictions of existing correlations 

in the literature for micro pin fin heat sinks. Heat sinks with the higher pitch ratio (coarser 

array) not only show lower pressure drops at a fixed 𝑅𝑒𝐷ℎ, but also enhance significantly 

heat transfer rate when compared against the heat sink of the same pin fin size but denser 

arrangement.  

 

Flow visualization experiments using an infrared camera on PF5060 single phase tests are 

performed to understand the counter-intuitive trends seen in the global results.  Flow 

through heat sinks with the same aspect ratio but larger pitch ratio exhibit unsteady vortex 

shedding in the wake region of pin fins, which markedly enhances convective heat transfer 

rate. Existing correlations developed for µPFHSs (such as that by Prasher et al. [1] and 

Koşar and Peles [2]) are capable of predicting the f and Nu data with good agreement only 

in the absence of vortex shedding, while the unsteady flow past the transition 𝑅𝑒𝐷ℎ results 

in poor comparison of correlations with experimental data. A comparison of the 

experimental Nu data of PF5060 (𝑃𝑟 ≅ 12.2) with the data of LN2 (𝑃𝑟 ≅ 1.9) shows 



 

 

 

significant change between the slopes of the curves of two fluids only in the heat sinks 

without vortex shedding. In the heat sinks with unsteady vortex shedding, the 𝑁𝑢𝐷ℎ curves 

show significantly decreased dependency on Pr number. Consequently, separate 

correlations are developed for predicting Nu in the case with and without unsteady vortex 

shedding using data from two distinct fluids and four PFHS geometries over a range of 

𝑅𝑒𝐷ℎ from 8 to 643.  

 

Given the clear heat transfer enhancement that occurs for certain pitch ratio designs of 

PFHSs in single phase flows, flow boiling experiments with PF5060 are performed to 

clarify whether additional changes to the pressure drop and two-phase heat transfer 

coefficient occur upon the introduction of the unsteady vortex shedding. Subcooled 

(∆𝑇𝑠𝑢𝑏 = 12.5℃) and saturated flow boiling of PF5060 through the micro pin fins are 

investigated. The heat sinks are tested at three constant mass fluxes of 30, 60, and 100 

𝑘𝑔/𝑚2. 𝑠 with heat fluxes ranging from 1.1 to 17.8 𝑊 𝑐𝑚2⁄  based on the planform area of 

the heat sinks. Flow regimes are studied with high speed imaging. Nucleate boiling heat 

transfer is the dominant mechanism for exit vapor qualities less than 0.5; at higher qualities 

annular film evaporation becomes dominant. The salient effect of unsteady vortex shedding 

is in elimination of wall temperature overshoot. In nucleate boiling regime, the heat sinks 

with unsteady flow flapping show higher two-phase heat transfer coefficients. The 

predictions of existing correlations for ℎ𝑡𝑝 in literature are not in good agreement with the 

experimental data (𝑀𝐴𝐸 > 30%) and show a systematic deviation depending on the 

µPFHSs dimensions.  
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CHAPTER 1  

 

Introduction 

Microscale heat sinks offer one means of meeting the high heat flux thermal management 

problems faced by power electronics and avionics industries. Since the pioneering work of 

Tuckerman and Pease [3] over three decades ago, several advances have been made in the 

field of microchannel heat transfer in both single phase liquid flows as well as phase-

change flows and have been summarized in several review papers for example, [4-9]. The 

objective of this study is to characterize the effect of pitch and aspect ratios on the single 

and phase change thermofluidic performance of micro pin fin heat sinks (µPFHS). 

Motivated by the application of µPFHSs in thermal management of cryo-adsorbent 

hydrogen storage systems [10], in Chapter 2 heat transfer performance of single phase 

liquid nitrogen within four staggered microscale pin fin arrays is studied. Pitch to diameter 

ratio as well as aspect ratio of the diamond shape micro pin fins are varied. This chapter is 

a manuscript published in Heat Transfer Engineering journal. 

 

In Chapter 3 the thermofluidic performance of the identical heat sinks are studied in single 

phase flow of a di-electric fluid PF5060 (motivated by application in electronics cooling) 

at low Reynolds numbers (8 < 𝑅𝑒𝐷ℎ < 462, based on pin fin size). A detailed comparison 

with available single phase correlations for predicting friction factor and Nusselt number 

is presented in this chapter. The effect of Pr variation in the single phase heat transfer 

performance of µPFHSs is evaluated by comparing the experimental results of chapter 3 
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with chapter 2. Appropriate correlations are developed accounting on pin fin pitch and 

aspect ratios as well as Pr variation. This chapter is a manuscript in final preparation for 

submission to Heat and Mass transfer journal.   

 

Several studies have been published on flow boiling across a micro pin fin heat sinks, most 

with low surface tension fluids. Each study focused on a single µPFHS like [11-15]. There 

are discrepancies in the reported two-phase heat transfer coefficient trends with heat flux 

and exit vapor quality in the halogenated fluids in PFHSs. For example Koşar and Peles 

[11] and Cognata et al. [12] observed contradictory trends of ℎ𝑡𝑝 with heat flux. In terms 

of pin fin heat sinks comparison in flow boiling, Lie et al. [16] and Chang et al. [17] 

compared the performance of two silicon in-line square micro pin fin heat sinks with 

identical pin fin height and pitch ratios in saturated and subcooled FC-72 flow boiling, 

respectively. Reeser et al. [18] has recently compared the performance of a staggered 

(diamond) and an in-line (square) micro pin fin heat sink in flow boiling of HFE-7200 as 

well as water. The pin fins had identical side width and aspect ratio. To the best of the 

authors’ knowledge, there has been no work in published literature to explore pitch and 

aspect ratios variation effects on two-phase heat transfer coefficient trends. The 

performance of identical µPFHS of Chapter 2 and 3, are investigated in flow boiling in 

Chapter 4. Subcooled and saturated flow boiling of PF5060 in different mass fluxes are 

studied in the µPFHS with varied pitch and aspect ratios. Flow regimes are studied with 

high speed imaging. The results are compared with the prediction of existed correlations 

for ℎ𝑡𝑝 in literature developed specifically for PFHS. This chapter is a manuscript in final 

preparation for submission to Multiphase Flows journal.   
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Abstract  

Single phase heat transfer and pressure drop of liquid nitrogen in microscale heat sinks is 

studied experimentally in this paper. Effects of geometrical variations are characterized on 

the thermofluidic performance of staggered microscale pin fin heat sinks. Pitch-to-diameter 

ratio as well as aspect ratio of the micro pin fins are varied. The pin fins have square shape 

with 200 or 400µm width and are oriented at 45 degrees to the flow direction. Thermal 

performance of the heat sinks are evaluated for Reynolds numbers (ReDh, based on pin fin 

hydraulic diameter) from 108 to 570. Results are presented in a non-dimensional form in 

terms of the friction factor (f), Nusselt (Nu), and Reynolds numbers and are compared with 

the predictions of existing correlations in the literature for micro pin fin heat sinks. The 

comparison of flow and heat transfer performance of the micro pin fin heat sinks reveal 

that at a particular critical ReDh number of ~250, pin fin heat sinks with the same aspect 

ratio but larger pitch ratio show a transition in both f and Nu. In order to better characterize 

this transition, visualization experiments were performed with Fluorinert PF5060 using an 

Infrared camera. At the critical ReDh, for the larger pitch ratio pin fin heat sink, surface 

thermal intensity profiles suggest periodic flapping of the flow behind the pin fins at a 

Strouhal number of 0.227.  
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Introduction 

The ever increasing requirements for heat dissipation in applications such as computer chip 

cooling and high power defense electronics have prompted interest in advancing 

electronics thermal management [1]. Microscale heat sinks have emerged as a key solution 

to high flux thermal management since the pioneering work of Tuckerman and Pease [2], 

over three decades ago. Since then, several advances have been made in the field of 

microchannel heat transfer in both single phase liquid flows as well as phase-change flows 

and have been summarized in several review papers for example, [3-5]. In the 1980s and 

1990s, the focus of published research was toward understanding of heat and mass 

transport in microscale. A review of pertinent literature in single as well as two phase flow 

in microchannels is provided in several comprehensive articles (for example, [6-9]). 

Variations in flow geometry, substrate material and coolant fluids together with secondary 

flow induction and cross mixing of adjacent liquid streams have been investigated as 

different means to enhance heat transfer rates in microchannels [10]. Advances in 

computational fluid dynamics (CFD) as well as micro fabrication techniques such as 

photolithographic-based chemical etching, micromachining, electric discharge machining 

(EDM), and additive manufacturing have accelerated the pace at which new and optimized 

geometries of microchannels have been developed. Comprehensive reviews on available 

microchannel heat sink fabrication methods for metallic substrates are presented by Eugene 

et al. [11] and Jasperson et al. [12].  

 

Among the various geometrical configurations of microscale heat sinks, micro pin fin 

geometries have shown higher performance (with heat transfer coefficients as high as 500 
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kW/m2℃ [10]), better flow mixing, reduction in flow mal-distribution, and reduced heat 

sink thermal resistance when compared with parallel microchannel arrays [13]. Tuckerman 

[14] employed IC micro-fabrication techniques to design and fabricate several inline pin 

fin heat sinks (PFHS) on a silicon substrate. Heat sinks having square pin fins of 55μm 

width and 400μm height with 90μm pitch on 1x1 cm heated area could dissipate maximum 

tested power of 1309 W/cm2 with using water as coolant. More recently, Peles et al. in 

2005 [13] emphasized the advantages of utilizing micro pin fin heat sinks (µPFHS) in 

forced convection heat transfer applications by deriving and verifying experimentally a 

simplified expression for total thermal resistance of a µPFHS. To assess the functionality 

of available correlations from conventional scale studies for µPFHSs, Koşar et al. [15] 

investigated experimentally pressure drop of de-ionized water within four inline and 

staggered circular and diamond shaped micro pin fin test articles which were fabricated on 

polished, n-type ‹100› single crystal silicon wafers. Pin fins were 100µm tall with 50 and 

100µm hydraulic diameter and were arranged in two pitch ratios (ST Dh⁄ = SL Dh⁄ =1.5 

and 5). Reynolds numbers based on pin fin hydraulic diameter ranged from 5 to 128. It was 

shown that macro and meso scale correlations such as that of Sparrow and Grannis [16], 

Moores and Joshi [17] and, Short et al. [18], which were developed for flow over short/long 

tube banks, could not adequately predict results in micro scale heat sinks due to the end 

wall effects in heat sinks. The authors developed a correlation for friction factor with MAEs 

range from 2.7 to 11.5. To investigate experimentally the heat transfer enhancement of 

µPFHSs, Koşar and Peles [19-20] studied a staggered circular PFHS made from silicon 

wafer with pin diameter and height of 99.5 and 243µm, respectively, for two fluids- 

deionized water and R-123. Reynolds numbers based on the pin fin diameter ranged from 
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14 to 112 for deionized water [19] and from 134 to 314 for R-123 [20]. They reported a 

transition at ReDh = 50 for the case of water and ReDh = 100 for R-123, below which 

macroscale correlations could not predict the pressure drop and heat transfer trends. The 

authors hypothesized that this transition could be a result of weakening of end wall effects 

at higher Reynolds numbers (ReDh > 100). For water [19], the macroscale heat transfer 

correlations and correlations for millimeter sized pin fins did not agree with measured data. 

The Zukauskas correlation [21], which was developed for low Reynolds numbers (10 <

ReDh < 1000) and all liquids, (albeit recommended for long tubes (H/Dh > 8)), could 

predict the R-123 [20] data to within 15.5%. However, this correlation resulted MAE of 

192.4% for water data.  

 

The authors attributed the differences between the correlations and their data to the 

boundary layer growth at the end walls of the pin fins, which are not taken into account in 

correlations for cross flow over a tube bank. Since all correlations did not adequately 

predict the experimental data, a correlation for Nu was developed by curve fit approach to 

predict water and R-123 data to within 9% and 16.1% MAEs, respectively.  

 

Prasher et al. [22] conducted an experimental parametric study of hydraulic and thermal 

performance of an array of staggered square and circular pin-fins with water as the working 

fluid. Pin cross sections ranged from 50 to 150µm and aspect ratio, H/Dh, varied from 1.3 

to 2.8, while the ReDh (based on pin fin size) ranged from 40 to 1000. They noted that a 

ReDh = 100 separated two regimes which were described by two separate correlations. In 

contrast with observations by Koşar and Peles [19-20], Prasher et al. [22] did not find any 



 

8 

 

existing macroscale correlations to match their data at the higher ReDh and hence proposed 

new correlations. Siu-Ho et al. [23], Qu and Siu-Ho [24-25] studied water flow across an 

array of staggered square pin-fins with a cross section of 200 x 200µm and a height of 

670µm for ReDh ranging from 93 to 634 [23] and 46 to 180 [24-25] respectively.  Siu-Ho 

et al. [23] reported that their data agreed with Moores and Joshi’s [17] correlation for 

friction factor in the ReDh range of 93-624. However, when comparing their heat transfer 

data against 8 existing correlations developed for long, intermediate, and micro pin-fins, 

Qu and Siu-Ho [24] noted that the smallest mean absolute error between their data and 

correlations was at best 71 percent.  In the second part of the study focused on low ReDh 

from 46 to 180, Qu and Siu-Ho [25] noted that the experimental pressure drop could not 

be well represented by existing correlations, including that by Moores and Joshi [17]. 

Based on their experimental studies, Qu and Siu-Ho [24-25] proposed new correlations for 

heat transfer and friction factor for the low ReDh range. Recent publications show growing 

interest on numerical studies on µPFHSs, (for example, [26-27]) which help further 

understanding of heat transfer enhancement obtained by use of these heat sinks. 

 

Water, refrigerants, and oils are conventional working fluids have been used predominantly 

for characterizing of single phase flow through micro heat exchangers and micro heat sinks. 

Cryogenic fluids, also known as cryogens, are liquefied gases that exist in the liquid state 

at very low temperatures (less than ~123 K). Several applications [28-35] utilize low 

temperature cooling such as cryo-adsorbent hydrogen storage systems, electronics cooling, 

commercial wireless networks, regenerative cooling of rocket engine combustor liners, 

missile warning receivers, and satellite tracking systems. The present work is motivated by 
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application of µPFHSs to thermal management in cryo-adsorbent hydrogen storage 

systems. In such storage systems, hydrogen is adsorbed in beds of materials such as 

activated carbon or in metal organic frameworks. Since the rate of adsorption and the 

capacity increases at low temperatures, it is important to actively cool the adsorbent bed 

with a cryogen such as liquid nitrogen. A network of embedded microscale heat sinks with 

appropriate distribution system, such as that illustrated in Figure 2-1, can serve to 

efficiently remove the heat of adsorption, thereby maintaining the bed at a relatively 

constant temperature. Use of microchannel heat sinks for such an application lends to a 

more compact, light-weight thermal management solution which are important 

considerations in automotive hydrogen storage [36].  

 

Limited published literature exits for flow and heat transfer of liquid nitrogen in 

microchannels. Qi et al. [37] investigated the pressure drop and heat transfer characteristics 

of single phase liquid nitrogen through four 250mm long circular tubes with diameters of 

0.531, 0.834, 1.042, and 1.931mm. For Reynolds number (based on inner diameter of the 

tube) ranging from 1x104 to 9x104, the authors reported Colebrook and modified Gnielinski 

correlations that well predicted experimental friction factor and Nu number, respectively, 

with proper account for the surface roughness. The heat transfer performance of two 

parallel microchannel heat sinks in simultaneous developing laminar single phase liquid 

nitrogen flow was investigated by the authors of this study in [38]. The heat sinks were 

designed to have identical thermal resistance and identical widths of 140μm but were in 

different aspect ratios of 4.7 and 7.6. The Reynolds number based on channel hydraulic 

diameter ranged from 210 to 610. Existing correlations for friction factor in developing 
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laminar flow could well predict the experimental data. The Muzychka and Yovanovich 

[39] correlation yielded the lowest MAEs with 6.7 and 11.3%, respectively for smaller and 

larger aspect ratio heat sinks. An increasing trend for Nu with Reynold number was 

reported which was in agreement with developing flow correlations’ trends and in 

particular with the correlation presented by Stephan and Preußer which was taken from 

Lee et al. [40]. However in terms of the MAE values, the developing flow correlations 

resulted in poor agreement. In this paper, heat transfer performance of single phase liquid 

nitrogen within four staggered microscale pin fin arrays is studied. Pitch to diameter ratio 

as well as aspect ratio of the diamond shape micro pin fins are varied. Experimental data 

are compared with correlations developed for micro pin fin arrays from the aforementioned 

studies. To further clarify some intriguing trends in the pressure drop and heat transfer data, 

infrared imaging experiments were performed using a dielectric fluorinated fluid, PF5060.  

 

 

Experimental Facility and Procedures 

Micro pin fin heat sink  

Since the thermal conductivity of metals change significantly at cryogenic temperatures, 

care was taken in selecting the substrate µPFHS material. Based on the available material 

properties data base presented by NIST [41] at cryogenic temperatures, Al6061 was chosen 

as the heat sink substrate. The heat sinks’ planform area was 20mm×20mm and the height 

was 12mm. Micro pin fins were machined on the top side of the 12 mm height and pin fins 

were formed using traditional micromachining methods to form staggered arrays to the 
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direction of inlet flow. Table 2-1 lists the heat sink dimensions in each of fabricated test 

pieces. All the dimensions reported in Table 2-1 are based on the measurements performed 

by using a Zygo 3D optical profiler. As it can be seen in Table 2-1, µPFHS1 and 2 have 

the same nominal square pin fin size of 400μm with the same height of 1250μm, but varied 

in pitch. The pins in µPFHS3 and 4 also have nominal width and height of 200μm and 

845μm, respectively. In the design of µPFHSs with varied aspect ratios, the fluid surface 

area in contact with the heated walls is maintained nominally identical such that µPFHS1 

and 3, and µPFHS2 and 4 have almost equal (to within 5%) heated surface areas.   

 

A picture of the four µPFHS along with the surface profile of µPFHS2 is shown in 

Figure 2-2. The average surface roughness, Ra, of the micro pin fin base surface was 

measured to be within ± 1μm. Thermocouples were inserted into the body of the test articles 

(see Figure 2-2a) for determination of the heat sink base temperature by assuming 1D heat 

conduction,  

𝑇𝑤𝑎𝑙𝑙 = 𝑇𝑡𝑐 −
𝑞"∆𝑧𝑝𝑖𝑛 

𝑘𝑝𝑖𝑛
         (2-1) 

The heat flux was determined using a heat flux meter as will be descried in data reduction 

section. The Reynolds number for pin fin studies, as noted by [15], can be calculated using 

two approaches depending on the aspect ratio. For long tube type pin fin arrays (H/Dh >

8), since the pressure drop and heat transfer are more dominated by pin fin size, the 

hydraulic diameter of pin fins is used as the length scale. For small aspect ratios (H/Dh <

0.5), a compact heat exchanger approach may be applied wherein the Reynolds number is 

based on the hydraulic diameter of the entire heat sink which is detailed in [15]. In order 
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to be consistent with the commonly employed approach in the µPFHS studies, [17, 18, 20, 

24, 25], the pin fin hydraulic diameter as the length scale for Re,  

𝑅𝑒𝐷ℎ =
𝑈𝑚𝑎𝑥𝐷ℎ

𝜈
          (2-2) 

where Umax is the maximum velocity occurring inside the µPFHS, 

𝑈𝑚𝑎𝑥 =
�̇�

𝜌𝐴𝑚𝑖𝑛
           (2-3) 

In Eq (3), Amin is the minimum transverse flow area which fluid experience by passing 

along the pin fins, 

𝐴𝑚𝑖𝑛 = 𝑊𝐻𝑝𝑖𝑛
(𝑆𝑇−√2𝐷ℎ)

𝑆𝑇
 𝑖𝑓 

𝑆𝑇+𝐷ℎ

2
< 𝑆𝐷               (2-4) 

𝐴𝑚𝑖𝑛 = 𝑊𝐻𝑝𝑖𝑛
2(𝑆𝐷−√2𝐷ℎ)

𝑆𝑇
 𝑖𝑓 

𝑆𝑇+𝐷ℎ

2
> 𝑆𝐷        (2-5) 

The factor of √2 is used because the pin fin of this study is in diamond shape based on the 

inlet flow direction. The hydraulic diameter for the pin fin is given as 

 𝐷ℎ =
4𝐴𝑝𝑖𝑛,𝑐𝑟𝑜𝑠𝑠

𝑃𝑝𝑖𝑛
= 4

𝑊𝑝𝑖𝑛×𝑊𝑝𝑖𝑛

2(𝑊𝑝𝑖𝑛+𝑊𝑝𝑖𝑛)
= 𝑊𝑝𝑖𝑛        (2-6) 

 

Test section assembly 

An exploded view of the assembly is shown in Figure 2-3a that houses the µPFHS along 

with a cross section of the heat sink housing illustrated in Figure 2-3b. Fluidic inlet and 

exit to the heat sink were provided using a polycarbonate header. The fluid inlet and exit 

temperatures were measured using thermocouples located through Swagelok T-fitting on 

top of the header. Inlet and exit plena were located within the test section housing. Silicon 

o-ring lubricated with Apiezon-N cryogenic grease, was used to provide a leak-free seal 

between the header and the heat sink housing. Five 1.6 mm holes were drilled into the heat 
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sink housing to provide thermocouples ports for temperature measurements from both 

microchannel body and heat flux meter. A second o-ring was used between the flux meter 

and the polycarbonate housing to ensure leak-free seal. The heat flux meter had three holes 

spaced at an axial distance of 15mm to measure the conducted heat flux. The heat flux 

meter body material was machined out of stainless steel 316 having a certificate of alloy 

composition, so that thermal conductivity correlation by NIST [41] could be applied for 

precise heat flux measurement. Four inch-long cartridge heaters, each with 100W power 

capacity, were embedded into the bottom of heat flux meter. Heaters were connected in 

parallel and powered by a variable DC power supply. The test section was assembled 

together by fourteen stainless steel bolts and nuts.  When assembled, the fluid path 

consisted of deep and shallow plena on either side of the PFHS as shown in Figure 2-3b. 

The deep plenum is used to ensure uniform flow distribution in the transverse flow 

direction across the heat sinks. The shallow plenum is used to isolate the deep plenum from 

the heat fluxmeter and thereby minimize thermal losses. The base of this plenum is flush 

with the base of the PFHS. Cryogel® insulation was used to wrap the test section and all 

inlet-outlet tubing before it was placed inside an aluminum enclosure. The enclosure was 

in turn submerged in a styrofoam dewar filled with liquid nitrogen during testing, to 

minimize heat losses with the surroundings. Two thermocouples were located flush with 

the bottom wall of the inlet and exit plena. These thermocouple readings, along with those 

of the inlet and exit fluid bulk temperatures were used to determine heat gained by the fluid 

in the plena (see appendix A for further details). 
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Flow facility 

It is necessary to have subcooled liquid nitrogen entering the microchannel in order to 

perform single phase experiments. In the current experiments, pressurized liquid nitrogen 

to about 8 bar was flowed through a copper coil submerged in a bath of atmospheric 

pressure liquid nitrogen. Liquid nitrogen has respectively saturation temperature of 77 and 

100K corresponding at 1 and 8 bar pressures. Hence, at the exit of heat exchange coil, about 

23 degrees of subcooling could be achieved.   

 

A schematic of the flow loop is shown in Figure 2-4. The entire test facility was located 

within a ventilation hood and within an enclosure for safety of the operators. An 80 liter 

Cryo-cyl tank (Chart Inc.) delivered pressurized liquid nitrogen to the system at ~8 bar.  

For safety purposes, a normally closed solenoid valve was added at the liquid withdraw-

port of the cylinder, in between two pressure relief valves. Fluid was transferred to the test 

loop via a five foot vacuum-jacket transfer hose. The downstream end of the vacuum 

jacketed hose was connected to the copper heat exchange coil that was located inside the 

test dewar. A needle valve was located downstream of the heat exchange coil to help 

eliminate any possible instabilities which might be observed in temperature or pressure 

readings by throttling flow by less than 2 bar. The test section assembly was located 

downstream of the throttling valve. At the exit of the test section, in order to measure the 

flow rate, the liquid nitrogen flow was vaporized in a heat exchange copper coil immersed 

within hot oil bath.  A high accuracy gas mass flowmeter (Brooks Instruments, SLA5863), 

factory calibrated for nitrogen flow rates up to 200 SLPM (~4g/s), was located downstream 
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of the oil bath heater to determine the mass flow rate of the fluid flow in the test loop. A 

fine turn needle valve, located upstream of the flowmeter, was used to control the mass 

flow rate within the system. The inlet and outlet pressures were measured using absolute 

(Omega, PX302 and PX409 series) pressure transducers. The pressure drop was measured 

using a precision calibrator (Omega PCL-1B) with a plug in DP module rated to 10" H2O 

(~2491 Pa). All thermocouples used in the experiments were T-type SLE and calibrated 

for the range of 77 to 273K.   

 

Test procedure 

To initiate experiments, test section was chilled down to liquid nitrogen temperature. This 

process was performed by flowing liquid nitrogen through the tubing while keeping the 

test dewar filled with atmospheric liquid nitrogen. A thermocouple, located within the test 

dewar, was monitored continuously to ensure that the test section and heat exchange coil 

remained submerged in liquid nitrogen for the duration of the experiments. After reaching 

liquid nitrogen temperature, as determined by all three thermocouples mounted on the heat 

flux meter, the flow rate was adjusted to the desired level. Electrical power was supplied 

to the four cartridge heaters to reach to the desired heat flux. In order to ensure single phase 

flow within the test section, the power input was set such that the wall temperature stayed 

below the saturation temperature based on the outlet pressure for the lowest flow rate test 

condition. The set power input was kept constant for all flow rates to permit completion of 

experiments with the fixed inventory of LN2 available in the tank.  An unavoidable 

consequence of fixing the set power was an increase in uncertainty in heat transfer 
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coefficient results at higher Reynolds number due to the lower temperature differential 

between the surface and fluid. Data of temperatures, pressures and flow rate were recorded 

throughout the experiment. All instrumentation within the test facility including the 

solenoid valves were controlled by LabVIEW program. Steady state conditions were 

determined by noting stable readings of differential pressure, wall temperatures as well as 

fluid inlet and exit temperatures.   

 

 

Data Reduction and Uncertainty Analysis  

Data reduction in micro pin fin heat sink  

As discussed earlier, the ReDh (determined using Eq. (2-2)) for micro pin fin arrays was 

obtained based on the hydraulic diameter of the pin fin and maximum velocity inside the 

heat sink. As seen in cross section view of the heat sink housing in Figure 2-3b, pressure 

drop recorded at each test flow rate is sum of the pressure drops across deep and shallow 

plena at the inlet, microchannel, and shallow and deep plena at the exit. Due to short length, 

frictional pressure drop in plena at both sides is negligible. Therefore the net pressure drop 

across the pin fin arrays can be determined by subtracting the minor pressure losses in the 

plena from the measured pressure drop,  

∆𝑃𝑛𝑒𝑡 = ∆𝑃𝑒𝑥𝑝 − [∆𝑃𝑐1 + ∆𝑃𝑐2 + ∆𝑃𝑒1 + ∆𝑃𝑒2]        (2-7) 

where ∆Pc1 and ∆Pc2 are minor pressure loss components occurring at the inlet side while 

passing over the deep to shallow plenum and shallow plenum to the microchannel. These 

components for incompressible viscous flows are determined by [42] as follows, 
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∆𝑃𝑐1 =
1

2
𝜌(𝑈𝑝2

2 − 𝑈𝑝1
2 ) +

𝐾𝑐1

2
𝜌𝑈𝑝2

2         (2-8) 

and 

∆𝑃𝑐2 =
1

2
𝜌(𝑈𝑚𝑎𝑥

2 − 𝑈𝑝2
2 ) +

𝐾𝑐2

2
𝜌𝑈𝑚𝑎𝑥

2        (2-9) 

The first term in Eqs. (2-8) and (2-9) represents acceleration pressure drop and the second 

is for abrupt area contraction. Subscripts p1 and p2 denote deep and shallow plena, 

respectively. It should be noted that maximum velocity was used for calculating minor 

pressure losses related to the microchannel. The minor losses at the exit, ∆Pe1 and ∆Pe2 

correspond to expansions occurring at the exit,  

∆𝑃𝑒1 =
1

2
𝜌(𝑈𝑝2

2 − 𝑈𝑚𝑎𝑥
2 ) +

𝐾𝑒1

2
𝜌𝑈𝑚𝑎𝑥

2        (2-10) 

and 

∆𝑃𝑒2 =
1

2
𝜌(𝑈𝑝1

2 − 𝑈𝑝2
2 ) +

𝐾𝑒2

2
𝜌𝑈𝑝2

2         (2-11) 

where subscript e1 and e2 refer to microchannel to the shallow plenum and shallow to 

deep plenums, respectively. Contraction loss coefficients, Kc1 and Kc2, can be calculated 

from [43], 

 𝐾𝑐 ≈ 0.42 (1 −
𝐷ℎ_𝑠𝑚𝑎𝑙𝑙𝑒𝑟

2

𝐷ℎ_𝑙𝑎𝑟𝑔𝑒𝑟
2 )        (2-12) 

where Dh_smaller and Dh_larger, are hydraulic diameters associated respectively to smaller 

and larger cross sectional flow areas. A hydraulic diameter (DLc_Amin) based on Amin was 

utilized for estimating the sudden area change coefficients at the microchannel section. The 

empirical formula of Eq. (2-12) is applicable to values of Dh_smaller/Dh_larger less than 

0.76. Similarly, for sudden expansion coefficients, Ke1 and Ke2, following formula was 

utilized [43], 
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𝐾𝑒 = − (1 −
𝐷ℎ_𝑠𝑚𝑎𝑙𝑙𝑒𝑟

2

𝐷ℎ_𝑙𝑎𝑟𝑔𝑒𝑟
2 )

2

         (2-13) 

The negative sign in Eq. (2-13) is a result of pressure recovery during flow expansion. 

Once the microchannel net pressure drop is calculated from Eq. (2-7), the friction factor 

across the pin fin array is defined as [19], 

f =
𝛥𝑃𝑛𝑒𝑡

(
1

2
𝜌𝑈𝑚𝑎𝑥

2 )𝑁𝑟𝑜𝑤
          (2-14)         

where Nrow is the number of pin fin rows aligned in the flow direction. The input heat flux 

to the heat sink was calculated by using Fourier's law for 1D heat conduction, based on the 

temperature readings of the upper two thermocouples embedded into the body of the heat 

flux meter.  

𝑞" = 𝑘𝐻𝐹𝑀
∆𝑇𝑡𝑐

∆𝑧
               (2-15) 

The obtained heat fluxes from two bottom thermocouples showed between 1 to 4% 

deviation from those calculated based on the upper two thermocouples. Thermal 

conductivity of SS316 heat flux meter, kHFM, was estimated based on the average body 

temperature at each measuring section. Assuming a uniform heat flux boundary condition 

on the bottom side of the heat sink, the following energy balance can be written for µPFHS, 

𝑞"𝐴 = ℎ𝑝𝑖𝑛[𝑁𝑝𝑖𝑛𝜂𝑝𝑖𝑛𝐴𝑝𝑖𝑛 + (𝐴 − 𝑁𝑝𝑖𝑛𝐴𝑝𝑖𝑛,𝑐𝑟𝑜𝑠𝑠)](𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑏𝑢𝑙𝑘)             (2-16) 

where A is the heat sink bottom heated area, Npin is the total number of micro pin fins, 

Twall is the average of two extrapolated surface temperatures of the microchannel which 

was calculated from Eq. (2-1). Tbulk represents the average between the microchannel inlet 

and exit bulk fluid temperatures. The measured bulk fluid temperatures through 

thermocouple ports on top of the header together with calculated heat flux and plena wall 

temperatures were used in energy balances on the inlet and exit plena to obtain the 
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microchannel inlet and exit temperatures. The wetted surface area of a single pin fin, Apin 

is defined as  

𝐴𝑝𝑖𝑛 = 𝑃𝑝𝑖𝑛,𝑐𝑟𝑜𝑠𝑠𝐻𝑝𝑖𝑛 = 4𝑊𝑝𝑖𝑛𝐻𝑝𝑖𝑛                         (2-17)  

The fin efficiency, ηpin was estimated as  

𝜂𝑝𝑖𝑛 =
𝑡𝑎𝑛ℎ (𝑚𝐻𝑝𝑖𝑛)

𝑚𝐻𝑝𝑖𝑛
              (2-18) 

where m represents the fin parameter, 

𝑚 = √
ℎ𝑝𝑖𝑛𝑃𝑝𝑖𝑛,𝑐𝑟𝑜𝑠𝑠

𝑘𝑝𝑖𝑛𝐴𝑝𝑖𝑛,𝑐𝑟𝑜𝑠𝑠
= 2√

ℎ𝑝𝑖𝑛

𝑘𝑝𝑖𝑛𝑊𝑝𝑖𝑛
        (2-19) 

Once q", Twall, and Tbulk were obtained, equations (2-16), (2-18), and (2-19) were solved 

iteratively to obtain a converged value for average heat transfer coefficient, h. Engineering 

Equation Solver (EES, Fchart Inc.) was used to find the h using the above equations. The 

averaged Nusselt number can be then determined as: 

𝑁𝑢 =
ℎ𝑝𝑖𝑛𝐷ℎ

𝑘𝑏𝑢𝑙𝑘
           (2-20)       

where kbulk is the thermal conductivity of the fluid estimated at the average bulk fluid 

temperature.  

 

Uncertainty analysis 

Thermocouples and absolute pressure transducers were calibrated using a NIST-traceable 

hand held calibrator (Omega, PCL-1B) as a standard. The calibration error includes errors 

associated with the calibrator (bias error), the calibration precision error and the curve fit 

error. The Brooks gas flow meter was factory calibrated. The errors in measured and 

determined variables are listed in Table 2-2. The Kline and McKlintock error propagation 
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method [44] was used to determine uncertainties in the calculated parameters based on the 

bias and precision errors of the measured variables. Uncertainties in measured parameters 

were obtained by combining the measurement precision errors and the calibration errors in 

a root-sum-square manner. Propagation of errors was performed using EES. Maximum 

uncertainty in measured variables was propagated into the dependent variables using the 

appropriate equations discussed in data reduction section. 

  

As described in test procedure section, the cartridge heaters’ power was set constant in all 

experiments to minimize the time needed to attain steady state conditions in experiments. 

As a consequence, at higher flow rates, the change in the bulk mean temperature was lower 

thereby leading to higher uncertainty in average heat transfer coefficients and Nu numbers. 

The minimum, average and maximum uncertainties in Nu were 5.4, 12, and 25.7%, 

respectively. Note that these values are comparable with 17% and 24% maximum 

uncertainties in Nu values reported respectively in [40] and [17].  

 

 

Results and Discussion 

This section presents the experimental results on pressure drop and heat transfer rate, along 

with a comparison with predicted values by correlations in literature. Next, the effect of 

geometrical parameters on the thermofluidic performance of the PFHSs is compared. 

Thermal visualization results are presented to interpret the differences in performance of 

the heat sinks.  
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Micro pin fin heat sink experimental results 

The pressure drop variation for all micro pin fin arrays over the range of tested flow rates 

is shown in Figure 2-5. A monotonically increasing trend in pressure drop across the pin 

fins can be seen for all test articles. 

 

As shown in Figure 2-5a, at constant ReDh, higher pressure drop is observed across heat 

sinks of identical aspect ratio but larger pitch ratio (PFHSs 1 vs 2, or PFHSs 3 vs 4). 

This counter-intuitive trend is more apparent at higher ReDh, and leads one to the 

conclusion that the chosen length scale for Reynolds number is not appropriate. If one were 

to use the hydraulic diameter obtained from minimum fluid cross section area within the 

pin fin arrays (termed DLc_Amin) as the length scale for Reynolds number (termed 

ReLc_Amin) and re-plot the data (Figure 2-5b), the expected trends are revealed. In the heat 

sinks of the same pin fin size, pressure drop across those with larger pitch ratio (namely 

PFHS1 and 3) lay below heat sinks of smaller pitch ratio (namely PFHS2 and 4) at any 

ReLc_Amin. These latter PFHS corresponded to smaller DLc_Amin and denser network of 

pin fins.  

 

 The non-dimensional pressure drop and friction factor across the heat sinks is plotted as a 

function of ReLc_Amin in Figure 2-6. At lower ReLc_Amin, the decaying trend of f with 

Reynolds number can be seen in all test articles. But at higher Reynolds number, 

particularly in PFHS1 and 3, the friction factor increases abruptly at ReLc_Amin ≅

580 and 650 (corresponding to ReDh ≅ 240 and 170) respectively. This abrupt change in 
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f at specific Reynolds number suggests a transition in flow within these heat sinks. The 

present friction factor data were compared against pertinent correlations on micro pin fin 

arrays from literature listed in Table 2-3. The correlations were selected based on the 

closest match of the pin fin pitch and aspect ratios range between the present study and that 

for which the correlations had been developed. Table 2-3 also shows the mean absolute 

error (MAE), defined as, 

𝑀𝐴𝐸 =
1

𝑁
∑

|𝜙𝑒𝑥𝑝−𝜙𝑝𝑟𝑒𝑑|

𝜙𝑒𝑥𝑝
× 100%𝑁

1            (2-21) 

It should be noted that definition used for friction factor calculation, in Table 2-3 is based 

on the Darcy and not the Fanning friction factor. The trends of friction factor predictions 

by utilized correlations for PFHS2 and 1 are depicted in Figure 2-7a and b respectively.  

 

Among the three correlations specifically developed for meso-scale or micro-scale PFHSs, 

the correlation by Moores and Joshi [17] predicts the experimental friction factor for 

PFHS2 and 4 with lowest MAE values of 7.4 and 8.8%, respectively.  However, the 

correlation significantly underpredicts friction factor for PFHS1 and 3. The Moores and 

Joshi correlation does not have an explicit functional dependence on pitch ratio and is 

developed for a pitch ratio different from that of the four tested microchannels. 

Furthermore it was developed for circular pin fins and the range of aspect ratios is also 

different from those of the tested microchannels. Given these differences, it is surprising 

that this correlation is able to predict experimental data for PFHS2 and 4 with good 

accuracy over the range of ReDh tested (see Figure 2-7a). The more elaborate correlation 

suggested by Koşar et al. [15] includes pin fin spacing and aspect ratio, but was developed 
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for a larger pitch ratio than those in the present heat sinks. The present experimental data 

could not be well predicted by this correlation with MAE errors in excess of 50%. The third 

correlation by Qu and Sui-Ho [25], developed  for a specific aspect ratio and pitch ratio, 

was able to predict the data for PFHS1 and 2 within about 25% while it under-predicted 

data for the other two heat sinks.  

 

The reason for the large MAE for PFHS1 and 3 becomes obvious when one looks at the 

trend of data and correlation, shown in Figure 2-7b for PFHS1. As pointed out in 

discussion of Figure 2-6, between ReLc_Amin ≅ 580 and 650, there seems to be a change 

in the trend of f, potentially caused by flow transition. A similar behavior was seen by 

comparing the correlation prediction with the result of smaller pin fin size heat sinks, i.e. 

PFHS3 and 4. 

 

The variation of Nu with respect to ReDh for the four µPFHSs is illustrated in Fig. 8a. The 

increasing trend for Nu with ReDh can be seen in all the heat sinks, however the rate of 

increase is higher in those heat sinks that showed transitional behavior in their friction 

factor results (PFHS1 and 3, see Figure 2-6). Heat sinks PFHS2 and 4, based on pressure 

drop results (see Figure 2-5 or Figure 2-6), did not exhibit a flow transition behavior and 

have significantly smaller Nu than heat sinks with flow transition despite having larger 

fluid heated surface area (see Table 2-1). The Nu number trend of PFHS2 and 4 are on 

top of each other, which seems reasonable if one were to note that they had similar heated 

surface area (see Table 2-1). Detailed comparison of heat sinks’ thermal performance is 
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presented in next section. It should be noted that the large uncertainty obtained for Nu 

number in higher flow rates, is mainly because of bias error of the NIST calibration 

standard thermocouples.            

 

In Figure 2-8b, the same heat transfer data is presented based on heat sink minimum 

hydraulic diameter (DLc_Amin) as the length scale for Nu, and plotted against ReLc_Amin. It 

can be seen that either assumption for the heat sink length scale, i.e. pin fin hydraulic 

diameter or heat sink minimum hydraulic diameter, results in the similar trends. Within the 

range tested, larger pitch ratio pin fin arrays provided the higher Nu. The observed trend is 

counter intuitive, since the smaller pitch ratio heat sink provided larger surface area per 

unit volume of fluid. In flow visualization section, Infrared visualization experiments are 

used to probe into the reason behind this trend. 

 

The experimental Nu data were compared with the available correlation for PFHSs listed 

in Table 2-4. Heat transfer correlations of Koşar and Peles [20] and Qu and Siu-Ho [24] 

developed for micro pin fin arrays, along with the Zukauskas [21] correlation, developed 

for cross flow over a bank of tubes were compared against experimental results. Note that 

the micro pin fin correlations are valid only for ReDh of up to 320, while the present 

experimental data span a larger range from 110 to 570. For the PFHS2 and 4, Qu and Siu-

Ho [24] correlation predicts the trend and values of the experimental data reasonably well 

with MAE of 11 and 28.5%, respectively. For PFHSs 1 and 3, none of the predictive 

correlations resulted in good agreement. The comparison of experimental Nu number 

against the prediction of selected correlations for PFHS2 and 1 is shown in Figure 2-9a 
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and 9b respectively. The increasing trend of Nu with increasing Reynolds number can be 

seen in all correlation results as well as in the experimental data. Based on Figure 2-9a, the 

Qu and Siu-Ho [24] correlation could predict the trend and Nu values in PFHS2 with 

good agreement but it is evident from Figure 2-9b that all of the correlations under predict 

the experimental Nu data in PFHS1 which exhibited a flow transitional behavior. Similar 

trends were observed for PFHS3 as well. Further clarification behind the abnormal 

pressure drop and heat transfer trends seen in the PFHS1 and 3 is discussed in the 

visualization section.  

 

Microchannels heat performance comparison 

In this study, four PFHS of identical planform area were fabricated in two pin fin 

hydraulic diameters of 200µm and 400µm. PFHS with the same pin fin size had identical 

pin fin height (equal aspect ratio) and only varied in pin fin pitch. The pressure drop, heat 

transfer coefficient and wall superheat temperature ratios (defined as Twall − Tin) of heat 

sinks with the same pin fin size in the range of tested flow rates are tabulated in Table 2-5. 

PFHS2 and 4, provide larger heated surface area which would be in contact with coolant 

when compared with µPFHS1 and 3 respectively. Therefore, one would expect to see lower 

wall superheat and consequently higher heat transfer rate with the penalty of higher 

pressure drop in denser arrangement of pin fins, i.e. in PFHS 2 and 4. The heat sinks with 

the higher pitch ratio (coarser arrays), i.e. PFHS1 and 3 not only showed lower pressure 

drops but also heat transfer coefficients that are larger by 2.2-2.9 and 3.3-5.5 times 
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respectively when compared against the heat sink of the same pin fin size but denser 

arrangement (PFHS2 and 4). 

 

A comparison between microchannels with nearly identical heated surface areas (µPFHS1 

and 3, and µPFHS2 and 4) is shown in Table 2-6. It is seen that the denser µPFHS of the 

same heated surface area, i.e. µPFHS2 and µPFHS4, have identical thermal performance. 

However µPFHS4, which has the larger number of pins (Npin,PFHS4 ≅ 3Npin,PFHS2), and 

hence a smaller DLc_Amin, resulted in higher pressure drop over the range of flow rates. 

Similarly, the pressure drop across µPFHS3, which has a smaller DLc_Amin, is 34 - 66 % 

higher when compared with that across µPFHS3, see Table 2-6. With an increase in 

pressure drop is a 21-44 % increase in heat transfer coefficient, and consequently a lower 

wall superheat.  

 

Hence, it seems advantageous from both a pressure drop and heat transfer standpoint to 

design PFHS with a larger pitch ratio (PFHS1 and 3) than one with a smaller pitch ratio 

(PFHS2 and 4). As noted in both friction factor and Nu discussion, a change in the slope 

of f and Nu was observed for PFHS 1 and 3 at or around a critical Reynold number. In 

order to explain the observed change in slope of f and Nu for these µPFHS, separate 

visualization experiments were performed using a surrogate fluid. 
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Flow visualization 

Several studies on PFHS have noted transition in pressure drop and heat transfer 

coefficient at a critical Reynolds number [15, 45, 46]. Renfer et al. in 2011 [46] performed 

the first flow visualization experiment on circular µPFHSs, in both staggered and inline 

arrangement in an attempt to explain the cause for the transition. The pressure drop 

measurements showed the transition observed by aforementioned literature, at ReDh ≅

200 for micro pin fins with diameter of 100µm and identical aspect and pitch ratio of 2. At 

this Reynold number, using µPIV technique, they captured vortex shedding behind each 

pin fin. The flow impingement onto the adjacent downstream pin fin was hypothesized as 

the reason behind observed pressure drop transition. Their experimental data showed that 

decreasing pin fin’s aspect ratio while maintaining a constant pitch resulted in a delay in 

the onset of vortex shedding and had a stabilizing effect on the wake behind the pin fins. 

In a follow-on heat transfer study, Renfer et al. [47] used laser-induced fluorescence (µLIF) 

and IR thermography to characterize temperature fluctuations. µLIF was used for locally 

measuring the liquid temperature in single side heated chip experiments and IR camera for 

surface temperature measurements in double side heated chip experiments. The results 

showed that local Nu number increased up to 230% in the presence of vortex shedding and 

a decrease in temperature non-uniformity almost by a factor of three was also observed. 

The authors depicted that the vortex shedding eliminate the steady wake regions behind the 

micro pin fins and consequently enhance heat transfer rate and temperature distribution 

uniformity. Wang et al. in 2013 [48] studied experimentally the convective heat transfer of 

air flow through microchannels with single pin fin. Circular, triangular and diamond pin 

fin shapes were studied in Reynold number (based on channel hydraulic diameter) ranged 
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from 100 to 5600. The utilized µPIV technique could visualize the vortex shedding behind 

the pin fin which promoted bulk mixing and enhanced heat transfer.  

 

Visualization studies by both Renfer et al. [47] and Wang et al. [48] have confirmed that 

large scale vortex structures significantly enhance flow mixing and increase the heat 

transfer rate. The friction factor and Nu results presented in this paper suggest a similar 

transition to a vortex shedding regime occurring in PFHS1 and 3 at a critical Reynolds 

number but not for PFHS2 and 4. In order to further explore the effect of pitch ratio on 

the transition behavior, a flow visualization test loop was designed to utilize a surrogate 

fluid, Performance Fluid PF5060, for ease of visualization. PF5060 is transparent in the 

mid-IR region in the wavelength band of 3-5 m, thereby permitting use of an IR camera 

to probe the transient heat sink wall temperature maps. A TVS 8500 IR camera (Nippon 

Avionics), consisting of a 256×256 pixels InSb focal plane array sensor and a microscopic 

lens with spatial resolution of 10 µm, was used for visualization at  a frame rate of 120 

frames per second (fps). A new test section with similar architecture as the one described 

for liquid nitrogen study, but with an IR-transparent sapphire window on the heat sink 

upper surface, was fabricated (see Figure 2-10). The degassed PF5060 liquid was 

recirculated into the test loop using a variable speed gear pump (Micropump).  A Coriolis 

flowmeter (Micromotion Elite II) was used to measure the flow rate.  

Heat sinks PFHS1 and 2, which have the same pin fin size and aspect ratio but varied 

pitch ratio, were tested over a range of ReDh from 12 to 173. Only qualitative flow 

visualization results are provided in this paper to corroborate global measurement results 

seen in liquid nitrogen data. In the last section, it was seen that PFHS2, while having 
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larger heated surface area in contact with coolant because of denser arrangement of pin 

fins, resulted in lower Nu within liquid nitrogen experiments Reynolds number range. The 

results from the IR visualization experiments with PF5060 within ReDh range of 35-173 

are summarized in Figure 2-11. It can be seen in Figure 2-11a and b that at both ReDh of 

58 and 80, surface temperature distribution among the pin fins is unchanged and uniform. 

To quantify local surface temperature variation with time, average temperature within a 

small square unit cell composed of 36 pixels, (3600 m2) was selected in a location shown 

in Figure 2-11a and b was plotted as a function of time. The time series of 49 consecutive 

images recorded at 120 fps speed, corresponding to a duration of 0.4s time duration was 

analyzed. The time-averaged unit cell temperature of the 49 images was subtracted from 

the unit cell temperature at each time and the result was plotted against time in Figure 2-11c 

for ReDh = 58 and in Figure 2-11d for ReDh =  80. At both tested Reynolds numbers, no 

significant dynamic temperature change in the unit cell can be observed in the time series. 

In order to reveal potential periodicity in the unit cell temperature, a Fast Fourier Transform 

(FFT) was performed on the time series data; results are shown in Figure 2-11e and f. From 

the broadband nature of the FFT signal, it is clear that there is no unique frequency in the 

temperature of the unit cell at either ReDh. 

 

A similar experiment over the same range of ReDh was performed on PFHS1 and results 

from this experiment are summarized in Figure 2-12. Up until a ReDh of 60, a steady wake 

region behind each pin fin characterized by higher surface temperature was observed 

(Figure 2-12a: i-iv). The hot regions are likely formed as a result of the liquid in stagnant 

recirculation zones which are isolated from the main flow stream. It can be seen that the 
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wake zone stretches from the trailing edge of the pin fin to the leading edge of the next pin 

fin in the flow direction. A square unit cell composed of 81 pixels, (8100 m2) was used 

in location showed in Figure 2-12a (iv). The same process of data analysis as described for 

µPFHS2 was used to investigate temperature variation in the unit cell in µPFHS1. As time 

series plot in Figure 2-12b depicts, no dynamic temperature change can be seen in the unit 

cell which is in agreement to the visual observation. With a little increase in the system 

flow rate which corresponded to ReDh = 63, a continuous flapping movement of the wake 

zones is observed. Figure 2-12c shows four consecutive images for ReDh = 80. The 

flapping of the surface temperature, indicative of flapping in the wake behind the pin is 

clearly observed in the progression of images (i) to (iv).The periodic nature of the flapping 

movement of the wake zone is in agreement with the findings of [46-48]. In post-transition 

state, vortex shedding showed stable periodic nature. The transition could be observed 

repeatably over several experimental trials. The time series plot of the unit cell temperature 

variation in Figure 2-12d shows clearly the periodic trend of the shedding and also reveals 

significant increase in the temperature difference amplitudes in comparison with that in the 

pre-transition state. From FFT plots in Figure 2-12e and f which correspond respectively 

to ReDh = 60 and 80, it can be seen that while no unique frequency can be assigned to 

unit cell temperature difference oscillation in pre-transition state, the post-transition state 

shows flapping oscillation with frequency of about 41 Hz. The non-dimensional frequency, 

Strouhal number (St), at ReDh = 80 based on the pin fin hydraulic diameter and maximum 

velocity within the µPFHS1 was 0.227 which is comparable with the findings of Davis et 

al. [49] for St number range for flow over a single confined diamond shape pin fin. While 

this periodic temperature flapping was observed in the IR videos at higher Re, quantitative 
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data could not be obtained owing to the image acquisition frame rate limit of the IR camera. 

With the aid of surface temperature visualization, it is possible to conclude that the change 

in the slope of f and Nu at a critical ReDh is due to the flapping behavior in the wake 

downstream of the pins. Carefully designed µPFHS can make use of the enhanced heat 

transfer provided by this dynamic flapping behavior, while also resulting in reduced 

pressure drop compared with a denser network of pins. 

 

 

Conclusions 

Single-phase liquid nitrogen flow in four micro pin fin heat sinks have been characterized 

in terms of heat transfer and pressure drop. Pin fin arrays were fabricated in two different 

pin fin sizes and pitch to diameter ratio as well as aspect ratio of the pin fins were varied. 

Results have been presented in a non-dimensional form in terms of the friction factor (f), 

Nusselt (Nu), and Reynolds (ReDh) numbers and have been compared with the predictions 

of existing correlations in the literature for micro pin fin heat sinks. Qualitative infrared 

visualization of the heat sink surface temperature was performed to understand the nature 

of a transition that was observed in f and Nu experimental data. The findings can be 

summarized in following conclusions: 

- A monotonically increasing trend in pressure drop across the pin fins was seen for 

all PFHS. Choosing pin fin size as characteristic length scale for reporting friction 

factor resulted in misinterpretation of trends. Using a hydraulic diameter obtained 

from minimum fluid cross section area within the pin fin arrays as the length scale 
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for Reynolds number revealed the expected trends. Pressure drop across heat sinks 

with larger pitch ratio was lower that across PFHS of smaller pitch ratio at any 

ReLc_Amin. 

- The decaying trend of f with ReLc_Amin was seen in all test articles. However at 

higher Reynolds number, in µPFHS1 and 3 the friction factor increased abruptly at 

ReLc_Amin ≅ 580 and 650 respectively which suggested a transition in flow within 

these heat sinks. The correlation by Moores and Joshi [17] predicted the 

experimental friction factor for µPFHS2 and 4 with lowest MAE values of 7.4 and 

8.8%, respectively. However, the correlation significantly underpredicted for 

µPFHS1 and 3 which showed the abrupt increase in friction factor at a critical 

Reynolds number. 

- All the heat sinks exhibited an increasing trend for Nu with Re; however µPFHS1 

and 3 exhibited higher Nu. While having larger fluid heated surface area, µPFHS2 

and 4 showed significantly smaller Nu than heat sinks of the same pin fin size but 

larger pitch ratio. For the µPFHS2 and 4, Qu and Siu-Ho [24] correlation while 

following closely the experimental Nu trends resulted in reasonable agreement with 

Nu data with MAE of 11 and 28.5%, respectively. For PFHSs 1 and 3, none of the 

predictive correlations could result in good agreement. 

- PFHS with the higher pitch ratio (coarser array), i.e. µPFHS1 and 3 not only 

showed smaller pressure drops but also enhanced heat transfer rate by 2.2-5.5 times 
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when compared against the heat sink of the same pin fin size but denser 

arrangement.  

- Surface temperature profiles obtained from visualization experiments on µPFHS1 

and 2 at ReDh  from 12 to 173 suggested flapping of the flow behind the pin fins of 

the heat sink with larger pitch ratio, i.e. µPFHS1 at a critical ReDh = 80 

corresponding to Strouhal number of 0.227. Therefore carefully designed µPFHS 

can make use of the enhanced heat transfer provided by this dynamic flapping 

ehavior while also resulting in reduced pressure drop compared with a denser 

network of pins.   

 

 

Nomenclature 

A   Heat sink bottom heated area, = W × L  (m2) 

Apin,cross  Pin fin cross section area (m2) 

Apin             Wetted surface area of a fin (m2) 

Amin           Minimum flow area within the pin fin array (m2) 

𝐷ℎ_𝑠𝑚𝑎𝑙𝑙𝑒𝑟 , 𝐷ℎ_𝑙𝑎𝑟𝑔𝑒𝑟 Hydraulic diameters associated respectively to smaller and larger 

cross sectional flow areas 

Dh             Hydraulic diameter based on pin fin size (m)  

DLc_Amin      Heat sink hydraulic diameter calculated based on Amin and Pmin (m)  

f   Darcy friction factor 

𝑓   Frequency 
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h     Averaged heat transfer coefficient (W/m2.K) 

H   Height (m) 

k   Thermal conductivity (W/m.K) 

Kc1, Kc2   Contraction loss coefficients 

Ke1, Ke2   Expansion loss coefficients 

L   Heat sink heated length (m) 

m           Fin parameter 

ṁ           Mass flow rate (kg/s) 

MAE      Mean absolute error 

N          Number of experimental data points to be compared with predicted 

values 

Npin       Number of pin fins in the heat sink  

Nrow      Number of pin fin rows in flow direction 

Nu          Averaged Nusselt number 

Pmin       Wetted perimeter associated to Amin (m) 

Ppin,cross    Pin fin cross section perimeter (m) 

Pr         Prandtle number 

∆Pexp     Measured pressure drop (Pa) 

∆Pc1, ∆Pc2     Contraction pressure loss (Pa) 

∆Pe1, ∆Pe2     Expansion pressure loss (Pa) 

∆Pnet             Net pressure drop across the pin fin arrays (Pa) 

μPFHS          Micro pin fin heat sink 

q"                  Heat flux (W/m2) 

ReDh             Reynolds number based on Dh 

ReLc_Amin     Reynolds number based on DLc_Amin 
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ReDh_CHE Reynolds number based on the hydraulic diameter of the channel 

obtained through   compact heat exchanger approach, details can be 

found in [15]  

SD          Diagonal pitch (m)  

SL           Longitudinal pitch (m)  

ST   Transverse pitch (m) 

St    Strouhal number, =
𝑓Dh

Umax
  

t   Time (s) 

Tbulk      Average bulk fluid temperature between the inlet and exit (K) 

Tin          Bulk fluid temperature at the inlet of heat sink (K) 

Tsurf          Unit cell temperature obtained through IR thermography from the 

microchannel heated wall (⁰C) 

Tsurf,ave      Time-averaged unit cell temperature (⁰C) 

Ttc          Thermocouple measured temperature (K) 

Twall      Microchannel wall temperature (K) 

U            Velocity (m/s) 

Umax      Maximum velocity across pin fin array (m/s) 

W           Heat sink heated width (m) 

Wpin       Pin fin width (m)   

∆zpin    Distance of thermocouples’ holes in the body of heat sink from the 

base of pin fins (m) 

∆z        Distance between thermocouples’ holes embedded into the body of 

heat flux meter (m) 

GREEK SYMBOLS 

α    Aspect ratio 

𝛽    Pitch ratio 
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η    Fin efficiency 

ν    Kinematic viscosity (m2/s) 

ρ   Density (kg/m3) 

ϕ   Unspecified terms 

SUBSCRIPTS 

exp    Experimental value 

HFM    Heat flux meter 

p1    Estimated at the deep plenum 

p2    Estimated at the shallow plenum 

pin    Attributed to the pin fin array 

pred      Predicted value 

wall   Estimated at the wall  
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Table 2-1. Geometric parameters of the test sections 

 

µPFHS 

# 
Hpin  (μm) 

Wpin=Dh (μm, nominal) 

(μm, actual) 

SD 

(μm) 

SL=ST 

(μm) 

α 

(H/Dh) 

β 

(SL or T Dh)⁄  
Npin 

Fluid Volume 

(mm3) 

Heated Fluid 

Surface Area 

(mm2) 

Fluid 

Area/Volume 

(1/mm) 

1 1250 400 (395) 895 1266 3.1 3.2 512 405 1306 3.2 

2 1250 400 (405) 670 948 3.1 2.4 882 316 2054 6.5 

3 845 200 (185) 535 757 4.2 3.8 1404 297 1230 4.1 

4 845 200 (200) 390 552 4.2 2.8 2592 248.5 2071 8.3 

The following close up images with identical scale from top view of all µPFHSs show the variation of pitch ratio in tested heat sinks. 

µPFHS1 µPFHS2 µPFHS3 µPFHS4 
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Table 2-2. Representative measurement uncertainty estimate 

 

Variable Uncertainty (±) 

Volumetric flow rate ±0.12 slpm (0.28%) 

Average fluid and surface 

temperature 
±0.18K (0.23%) 

Heat flux, q" ± 706W/m2 (2.2%) 

Absolute Pressure ±0.77 kPa (0.15%) 

Pressure drop, ∆Pexp ±10.2 Pa (3.2%) 

Reynolds number, ReDh ±22 (7.8%) 

Friction factor, f  ±0.063 (9.3%) 

Average Nusselt number, Nu ± 2.6 (12%) 
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Table 2-3. Correlation for single phase friction factor in µPFHS 

 

Reference Remarks Single phase friction factor  

MAE (%) in µPFHS# 

1 2 3 4 

Moores and Joshi 

[17] 

- Meso pin-fin 

- Staggered circular pin fin  

102 ≤ ReDh ≤ 103, 0.5 ≤ Hpin Dh⁄ ≤ 1.1 

1.3 ≤ ST Dh⁄ ≤ 1.36, 1.13 ≤ SL Dh⁄ ≤ 1.18 

f = 19.04 (
Hpin

Dh

)
−0.742

ReDh
−0.502 60.7 7.4 28.3 8.8 

Koşar et al. [15] 

- Micro pin-fin  

- Staggered diamond pin fin  

50 ≤ ReDh ≤ 128 

Hpin Dh⁄ = 2 

ST Dh⁄ = SL Dh⁄ = 5 

f = π1 + π2 

π1 =
1126

ReDh
1.1 (

Hpin Dh⁄

Hpin Dh⁄ + 1
)

1.5

(
STSL

Apin,cross

)

−0.4

 

π2

=
6.6

ReDh_CHE
0.7 (

1

1 + Hpin Dh⁄
)

1.7

(
STSL

Apin,cross

)

−1

 

49.5 70.5 52.1 94.5 

Qu and Siu-Ho 

[25] 

- Micro pin-fin  

- Staggered square pin fin  

38 ≤ ReDh ≤ 86, Hpin Dh⁄ = 3.35 

ST Dh⁄ = SL Dh⁄ = 2 

f = 20.09ReDh
−0.547 24.2 28.7 85.7 119.2 
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Table 2-4. Correlation for single phase heat transfer in µPFHSs 

 

Reference Remarks Single phase Nu number 

MAE (%) in µPFHS# 

1 2 3 4 

Zukauskas 

[21] 

- Tube bank 

- Staggered circular tube 

100 ≤ ReDh ≤ 1000 

0.5 ≤ Pr ≤ 500 

Nu = 0.683ReDh
0.466Pr0.36(Pr Prwall⁄ )0.25 45.8 59.0 41.0 158.0 

Koşar and 

Peles [20] 

- Micro pin-fin  

- Staggered circular pin fin  

ReDh ≤ 314, Hpin Dh⁄ = 2.44 

ST Dh⁄ = SL Dh⁄ = 1.5 

Nu = 0.0423ReDh
0.99Pr0.21(Pr Prwall⁄ )0.25 43.2 100.6 54.2 148.7 

Qu and Siu-Ho 

[24] 

- Micro pin-fin  

- Staggered square pin fin  

ReDh ≤ 180, Hpin Dh⁄ = 3.35 

ST Dh⁄ = SL Dh⁄ = 2 

Nu = 0.0241ReDh
0.953Pr0.36(Pr Prwall⁄ )0.25 70.8 11.0 76.0 28.5 

 



 

45 

 

Table 2-5. Comparison of design performance in microchannels of the same pin fin size 

but variable pitch ratio 

 

Performance ratio ∆P ratio h ratio (Twall − Tin) ratio 

µPFHS1/µPFHS2 0.60-0.98 2.27-2.94 0.78-0.85 

µPFHS3/µPFHS4 0.56-0.61 3.30-5.47 0.71-0.76 

 

 

 

Table 2-6. Comparison of design performance in µPFHSs of equal heated surface area  

 

Performance ratio ∆P ratio h ratio (Twall − Tin) ratio 

µPFHS3/µPFHS1 1.34-1.66 1.21-2.44 0.78-0.95 

µPFHS4/µPFHS2 1.72-2.23 0.96-1.01 0.93-1.00 
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Figure 2-1. Arrangement of H2 adsorption beds and micro pin fin heat sinks in a cryo-

adsorbent hydrogen storage system 
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(a) 

 

(b) 

 

Figure 2-2. Tested micro pin fin heat sinks a) image of all four test articles, b) close up 

image from top view of PFHS2. The flow direction is from left to right. 
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(a) 

 

(b) 

 

Figure 2-3. a) Assembly view of the test section, b) cross section of microchannel 

housing 
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Figure 2-4. Liquid nitrogen flow facility schematic 
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                    (a)                 (b) 

       

                    PFHS1                     PFHS2                                 PFHS3                                 PFHS4 

 

Figure 2-5. Pressure drop variation in micro pin fin arrays with a) Reynolds number based on pin fin hydraulic diameter- 𝑅𝑒𝐷ℎ b) 

Reynolds number based on hydraulic diameter calculated from minimum fluid cross section area within the pin fin arrays- 

𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛. Close up images with identical scale from top view of all PFHSs show the variation of pitch ratio in tested heat sinks.  
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Figure 2-6. Comparison of experimental friction factor in tested PFHS 
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(a) 

 

 (b) 

 

Figure 2-7. Comparison of friction factor with predictive correlations listed in Table 2-3 

for a) PFHS2 and b) PFHS1 
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(a) 

  

(b) 

 

Figure 2-8. Comparison of experimental Nu number in tested micro pin fin arrays a) 

plotted against 𝑅𝑒𝐷ℎ and b) recalculated based on 𝐷𝐿𝑐_𝐴𝑚𝑖𝑛 and plotted against 𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛 

at heat flux of 3.5 W/cm2 
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(a) 

 

(b) 

 

Figure 2-9. Comparison of Nu with predictive correlations listed in Table 2-4 for a) 

PFHS2 and b) PFHS1 
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Figure 2-10. Picture of µPFHS2with an IR transparent window. An IR camera is used to 

visualize the bottom surface temperature.  
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(a)  (b)  

(c)  

(d)  

(e)  (f)  

 

Figure 2-11. Visualization results on µPFHS2 in 𝑅𝑒𝐷ℎ = 58 𝑎𝑛𝑑 80 

 

ReDh = 80 ReDh = 58 

Flow 

direction 

Unit cell 

location 
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𝑡 = 0 𝑚𝑠 𝑡 = 8.3 𝑚𝑠 𝑡 = 16.6 𝑚𝑠 𝑡 = 24.9 𝑚𝑠 

(a)     

(b)  

(c)     

(d)  

(e)  (f)  

 

Figure 2-12. Visualization results on µPFHS1 in 𝑅𝑒𝐷ℎ = 60 𝑎𝑛𝑑 80 

(i) (ii) (iii) (iv) 

(i) (ii) (iii) (iv) 

Flow direction 

Unit cell 

location 

𝐑𝐞𝐃𝐡 = 𝟔𝟎 

𝐑𝐞𝐃𝐡 = 𝟖𝟎 
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Abstract 

Heat transfer and pressure drop of single phase Performance Fluid (PF5060) flow is 

characterized in four micro pin fin heat sinks with varied pitch and aspect ratios. Heat sinks 

have pitch-to-diameter (𝑆𝐿,𝑇/𝐷ℎ) and aspect ratio (𝐻𝑝𝑖𝑛/𝐷ℎ) variation in the range of 2.4-

3.8 and 3.1-4.2, respectively. The pin fins have square shape with 200 or 400µm side width 

and are oriented at 45 degrees to the flow direction. The experiments’ Reynolds number 

(based on pin fin hydraulic diameter) varies from 8 to 462. Flow transition into unsteady 

vortex shedding is investigated in terms of the effects on global trends of friction factor 

and Nusselt number against Reynolds number. Heat transfer performance of PF5060 is 

compared with LN2 results [1] collected through the identical micro pin fin heat sinks as 

of this study. The results are also compared with pertinent correlations in the literature. It 

is shown that the existence of flow transition in micro pin fin heat sinks results in the poor 

comparison of correlations with experimental data. To address this gap in literature, 

separate correlations are developed to predict Nu in the steady and unsteady regimes. The 

correlation uses data from the prior LN2 experiments as well and hence accounts for Pr 

dependency. The resulting regression model shows significantly decreased dependency of 

Nusselt onto Pr number in the presence of unsteady vortex shedding in the micro pin fin 

heat sinks compared to the steady condition. 
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Introduction 

The need for high heat flux removal in computer chip cooling, cutting-edge IC 

development, and high power defense electronics yielded in emerging novel microchannel 

cooling as a high efficiency thermal management solution [2-3]. Experimental 

investigation on the microchannel heat sinks’ concept to find optimal geometry capable of 

removing higher heat flux while retaining the surface temperature low, goes back to 1980s 

to the pioneering work of Tuckerman and Pease [4]. Microscale pin fin heat sinks (µPFHS) 

geometry while first introduced by Tuckerman in 1984 [5], did not get researchers’ 

attention until early 2000s. The study by Peles et al. in 2005 [6] with emphasize on lower 

thermal resistance with increasing flow mixing and reducing flow mal-distribution brought 

back this geometry to the focus of thermal experiments on microchannel heat sinks. Several 

experimental studies by the same research group [7-9] on µPFHSs with different pin fin 

shapes and pitch and aspect ratios showed that heat transfer increases proportional with 

Reynolds number and increasing the flow confinement (like decreasing pitch ratio) 

enhances heat transfer with trade off in higher pressure drop.  

 

Having the pin fin height in micron scale would result in decreasing the ratios of 

𝐻𝑝𝑖𝑛/𝛿ℎ 𝑜𝑟 𝑡 which elevate the role of boundary layers in heat transfer. However Koşar and 

Peles [8] reported that top and bottom wall effects (endwalls) on heat transfer diminished 

for 𝑅𝑒𝐷ℎ > 100 and existing correlations developed for flow across bank of tubes like 

those presented by Zukauskas [10] would predict the results with good agreement. So one 

may think of having similar single phase flow regimes like predominantly laminar and 

turbulent flows in µPFHSs with identical Reynolds number transition range seen in the 
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studies on long tubes bundles. Zukauskas [10] discussed that in the flow across tube banks, 

three flow regimes can be distinguished. With respect to the flow Reynolds number, 

predominantly laminar flow regime can be seen at 𝑅𝐷ℎ < 103, mixed flow regime at 5 ×

102 < 𝑅𝑒𝐷ℎ < 2 × 105, and predominantly turbulent flow regime at 𝑅𝑒𝐷ℎ > 2 × 105. 

The author defined mixed flow as a pattern of flow, with a laminar boundary layer on the 

tube being under the influence of a turbulent flow and with an intensive vortical flow in 

the rear. The author also mentioned that depending on tube longitudinal and transverse 

pitches the critical Reynolds at which flow shows transition from predominantly laminar 

to a mixed flow regime may vary.  

 

The study on millimeter size pin fin heat sinks with air flow by Short et al. [11] on friction 

factor variation with Reynolds number showed a change in slope at 𝑅𝑒𝐷ℎ = 1000 where 

for 𝑅𝑒𝐷ℎ < 1000, f was strongly dependent to Reynolds number and pin fin configuration, 

mostly to longitudinal spacing (𝑆𝐿) and for 𝑅𝐷ℎ > 1000, f was independent of pin fin size 

and Reynolds number. The authors interpreted this behavior to transition from laminar-like 

flow to fully turbulent. In contrast with Short et al. [11], Prasher et al. [12] observed a 

change in the trends of f with Reynolds number for water flow in micro pin heat sinks at 

𝑅𝑒𝐷ℎ ≅ 100. The experimental f data in their study were strong function of Reynolds 

number for 𝑅𝑒𝐷ℎ < 100 and for higher 𝑅𝑒𝐷ℎ, f was not very sensitive to Reynolds number 

and could be correlated with 𝑅𝑒𝐷ℎ
−0.1. The same trends as of Prasher et al. [12] study were 

reported by Koşar et al. [7] where the slope change was seen at 𝑅𝑒𝐷ℎ ≅ 60. Hence the 

transition to mixing flow introduced by Zukauskas [10] seems to happen in much lower 

Reynolds numbers in µPFHSs.  
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Brunschwiler et al. [2] reported a hydrodynamic flow regime transition in in-line µPFHSs 

by observing higher rate of increase for measured pressure drop across the heat sinks 

beyond a certain flow rate. Infrared images from the surface of one of the tested in-line 

micro pin fin heat sinks by the authors showed a transversal temperature non-uniformity. 

The authors attributed this temperature non-uniformity which improved local heat transfer 

to either formation of attached vortices or alternating shedding. In a later study by the same 

research group, Renfer et al. [13] performed Micro Particle Image Velocimetry (µPIV) on 

in-line circular micro pin fin heat sinks with pin fin diameter of 100 µm, 𝑆𝐿 𝑜𝑟 𝑇 𝐷ℎ⁄ = 2, 

and with variation in aspect ratio 𝐻𝑝𝑖𝑛 𝐷ℎ⁄ = 1 𝑎𝑛𝑑 2. The heat sinks were etched into 

silicon substrate with deep reactive ion etching (DRIE). This was the first performed single 

phase flow visualization in the micro pin fin heat sinks. For the heat sink with smaller 

aspect ratio no vortex shedding was observed for 𝑅𝑒𝐷ℎ up to 330. The heat sink with 

𝐻 𝐷ℎ⁄ = 2 exhibited unsteady flow flapping initiated at 𝑅𝑒𝐷ℎ = 160. The laser-induced 

fluorescence (µLIF) and IR thermography to characterize the effect of vortex shedding on 

heat transfer was performed by [14]. The results showed that local Nu number increased 

up to 230% in the presence of vortex shedding. 

 

The identical µPFHSs of this study were tested in single phase liquid nitrogen (LN2) flow 

[1] in 𝑅𝑒𝐷ℎ ranging from 108 to 507. The global heat transfer trends showed that the heat 

sinks of same pin fin size and aspect ratio but larger pitch ratio result in higher Nusselt 

number at a given Reynolds number. The visualization experiments with IR camera on the 

µPFHSs working with a surrogate fluid (PF5060) confirmed the existence of vortex 

shedding in the heat sinks with coarser pin fin arrangement. In this study the heat transfer 
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and pressure drop of single phase Performance Fluid (PF5060) flow is investigated in 𝑅𝑒𝐷ℎ 

as low as 8 up to 462. Flow transition into unsteady vortex shedding is studied in terms of 

the effects on friction factor and Nusselt trends in low Reynolds numbers. It is shown that 

the existence of flow transition in micro pin fin heat sinks results in the poor comparison 

of correlations with experimental data. The single phase heat transfer characteristic of 

PF5060 (𝑃𝑟 ≈ 12.2) is compared with LN2 (𝑃𝑟 ≈ 1.9) in flow through identical µPFHSs. 

Separate correlations are developed for predicting Nu in the case with and without unsteady 

vortex shedding. The resulted regression model shows significantly decrease in the 

dependency of Nusselt to Pr number at the presence of vortex shedding in the micro pin 

fin heat sinks. 

 

 

Experimental Facility and Procedures 

Micro pin fin heat sink  

A detailed description about the fabrication technique, design concept, and geometry 

variation related to the identical heat sinks used in this study is provided in [1]. In brevity 

the heat sink dimensions in each of fabricated test pieces are listed in Table 3-1. All the 

dimensions reported in Table 3-1 are based on the measurements performed by using a 

Zygo 3D optical profiler. As a part of test section debugging attempts in PF5060 

experiments, pin fins within 1 mm distance from each edge of heat sinks were shaved off 

to provide a smooth surface for applying RTV sealant to prevent leakage of fluid to the 

lower part of test section where a heat flux meter is located. The components of test section 



 

64 

 

will be discussed in detail in the test section assembly. When is compared with the heat 

sinks dimensions in [1], this modification caused changes to the values associated to the 

number of pin fins (𝑁𝑝𝑖𝑛), fluid volume within the heat sinks, and heated surface area 

provided by the pin fins arrays. However still the concept of having fluid surface area in 

contact with the heated walls nominally identical such that µPFHS1 and 3, and µPFHS2 

and 4 have almost equal (to within 5%) heated surface areas is valid in this experiments, 

see Table 3-1.  

 

Test section assembly 

An exploded view of the assembly that houses the microchannel heat sink along with a 

cross section of the heat sink housing is shown in Figure 3-1a. Flow visualization can be 

done through a sapphire window which is located on top of the heat sink and is housed by 

polycarbonate header. The window is leak-free sealed from the header using a silicon o-

ring. A Kapton® thin film (100 µm) which was transparent in the IR region with the same 

foot print area as of µPFHS was used between the Sapphire window and the heat sink to 

fill any potential spacing between the pin fins’ top and the window. The fluid inlet and exit 

temperatures are measured using thermocouples located through Swagelok Teflon T-fitting 

on the sides of the heat sink housing. When assembled, the fluid path consisted of deep and 

shallow plena on either side of the PFHS as shown in Figure 3-1b. The deep plenum is used 

to ensure uniform flow distribution in the transverse flow direction across the heat sinks. 

The shallow plenum is used to isolate the deep plenum from the heat fluxmeter and thereby 

minimize thermal losses. The plenums have identical width of 20 mm. The deep plenum 

has 16 mm depth to provide enough room for thermocouple and DP ports within the plena 
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while the shallow plenum is in 1 mm depth. Silicon o-ring and RTV silicon sealant were 

used to provide a leak-free seal between the header and the heat sink housing. Five 1.6 mm 

holes were drilled into the heat sink housing to provide thermocouples ports for 

temperature measurements from both microchannel body and heat flux meter. A third o-

ring was used between the flux meter and the housing to ensure leak-free seal. The heat 

flux meter has three holes 15mm apart to determine the temperature gradient and hence the 

one-dimensional heat flux. The heat flux meter body material was machined out of SS316 

with a certified alloy composition. Four inch-long cartridge heaters, each with 100W power 

capacity, were embedded into the bottom of heat flux meter. Heaters were connected in 

parallel and powered by a variable DC power supply. The test section was assembled 

together using fifteen stainless steel bolts and nuts. All test section was covered by two 

layers of TREO™ thermal insulation with 𝑘 = 0.06 𝑊 𝑚. 𝐾⁄  𝑎𝑡 260℃ to prevent heat 

losses. Two thermocouples were located flush with the side wall of the inlet and exit plena 

to measure the wall temperatures in these plena. These thermocouple readings, along with 

those of the inlet and exit bulk temperatures, were used to determine heat gained by the 

fluid in the plena (see appendix A for further details). 

 

Flow facility 

A schematic of the flow loop is shown in Figure 3-2. The fluid to be used is PF-5060, a 

dielectric fluid made by 3M. Degassed PF-5060 is recirculated into the test loop using a 

variable speed gear pump (Micropump®) which is in upstream of a Coriolis flowmeter. 

The flow rate can be adjusted by the speed control unit which is coupled to the gear pump. 

The Coriolis flowmeter (Micromotion® Elite® II) connected to the data acquisition 
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monitors the system flow rate. All the fluidic lines were guided through flexible foam 

rubber pipe insulation with outer diameter of 2 1/8 inch to reduce heat loss from the lines. 

Exit flow returns into the reservoir. A copper coil installed inside in the upper section of 

the fluid reservoir, in parallel with a Graham reflux condenser located on top of the 

reservoir, was used to condense PF-5060 vapor accumulated during degassing procedure. 

A second copper coil is immersed into the fluid for controlling the bath bulk temperature 

using chiller coolant flow. The temperature of coolant flow into the condensers and 

immersed heat exchanger is regulated by a recirculating chiller (Thermo Scientific 

NESLAB ThermoFlex™ 5000). Appropriate valves and fittings are installed in the test 

loop fluidic lines for bypassing the test section during reservoir filling or draining process. 

 

Test procedure 

PF5060 as a dielectric fluid has identical thermophysical properties as of FC72. The 

saturation temperature at atmospheric pressure is 56 ᵒC. Initial attempts for performing 

single phase experiments showed bubble ebullitions happening within the heat sinks while 

surface temperature was in range of 30-40 ᵒC and absolute pressure transducer in the 

upstream of the test section indicated atmospheric pressure. Debugging tests revealed that 

high solubility of air in PF-5060 was the reason behind significant drop in the boiling point. 

Hence a degassing process prior of each series of testing was essential.  

 

With using gear pump and allocated reservoir fill T-fitting in the pump’s upstream, PF-

5060 was transferred into the reservoir from its permanent container through the bypass 

loop designated in the downstream of the pump (using 3-way valve). The reservoir was 
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filled with sufficient amount of fluid about an inch above the cartridge heater level which 

was screwed close to the bottom into the reservoir. The degassing procedure was started 

by turning on the immersed cartridge heater with full load and letting the chiller cold fluid 

into the copper coil (located in the upper section of reservoir) and Graham reflux 

condensers. An open cell foam stopper on top of Graham reflux let the released gasses 

through degassing process leave the reservoir. After one hour from boiling and condensing 

back the fluid, the degassing process was finished and bulk fluid cooled down to about 

room temperature with the help of submerged copper coil and chiller. A thermocouple, 

located within the reservoir was monitored throughout the startup procedure.  

 

By opening the quarter turn valve on the bottom of reservoir as well as the 3-way valve in 

the downstream of the gear pump, degassed fluid at room temperature was flowed into the 

test loop. Pump speed control unit was used to adjust the flowrate in order to reach desired 

Reynold number. Electrical power was supplied to the four cartridge heaters to generate 

sufficient heat flux high enough to result in more than 5ᵒC bulk fluid temperature rise 

within the heat sink. The system mass flow rate and heat flux varied to perform single 

phase testing in different Reynolds numbers. Data of temperatures, absolute pressure and 

pressure drop, and system mass flow rate were recorded throughout the experiment. Steady 

state conditions were determined by noting stable readings of differential pressure, wall 

temperatures as well as fluid inlet and exit temperatures (typically < 0.15% change within 

a minute).   
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Data Reduction and Uncertainty Analysis  

As it can be seen in the cross section of microchannel housing (Figure 3-1b), the concept 

used for designing PF5060 experiment’s test section is very similar to the one used for 

liquid nitrogen tests [1]. Both test section designs have deep and shallow plena on either 

side of the µPFHS and pressure drop measurement was done through the ports located in 

the deep plenums, so pressure drop corrections discussed in [1] can be used to reduce the 

data of this experiments too. Heat flux meter concept for quantifying the input heat flux at 

the base of heat sink was used in both test section designs as well. So the same data 

reduction approach can be implemented in this study for estimating the heat flux and 

extrapolating the thermocouples’ reading for determination of the pin fins base 

temperature. The drilled holes in the body of µPFHSs which were used for insertion of the 

thermocouples are shown in the images of heat sinks provided in Table 3-1. Hence the 

readers are referred to [1] for the details of data reduction used for calculating the friction 

factor and Nusselt number which will be presented in the result and discussion section.  

 

All thermocouples, absolute pressure transducer, and differential pressure transducers were 

calibrated using a NIST-traceable hand held calibrator (Omega, PCL-1B) as a standard. 

The calibration error includes errors associated with the calibrator (bias error), the 

calibration precision error and the curve fit error. The Coriolis flowmeter (Micromotion® 

Elite® II) was factory calibrated. The representative errors in measured and determined 

variables are listed in Table 3-2. The Kline and McKlintock error propagation method [15] 

was used to determine uncertainties in the calculated parameters based on the bias and 

precision errors of the measured variables. Uncertainties in measured parameters were 
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obtained by combining the measurement precision errors and the calibration errors in a 

root-sum-square manner. Propagation of errors was performed using Engineering Equation 

Solver (EES, Fchart Inc.). Maximum uncertainty in measured variables was propagated 

into the dependent variables using the appropriate equations discussed in data reduction 

section. 

 

In order to ensure consistency of data collection using the facility and procedures, a 

replication test was performed on PFHS1 by running single phase experiments in two 

different days. Between these two tests, system fluid was drained and the degassing process 

was repeated. The resultant 𝑁𝑢𝐿𝑐_𝐴𝑚𝑖𝑛 for range of tested 𝑅𝑒𝐿𝑐−𝐴𝑚𝑖𝑛 in two days are 

depicted in Figure 3-3. It can be seen that the second day experiments are in good 

agreement with that of first day. Heat flux at each Reynold number was adjusted to keep 

bulk mean temperature increase across the heat sinks higher than 5 ᵒC. This was helpful in 

reducing the propagated uncertainty in average heat transfer coefficients and Nu numbers 

at higher system flow rates. The minimum, average and maximum uncertainties in 𝑁𝑢𝐷ℎ 

were 3.7, 5.1, and 8.6%, respectively. 

 

 

Results and Discussion 

This section presents the experimental results on pressure drop and heat transfer rate, along 

with a detailed comparison with predicted values by correlations in literature. Heat transfer 

experimental data of PF5060 along with the LN2 results from the authors’ prior work [1] 
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on the identical PFHSs are used to develop appropriate correlations for Nusselt number 

prediction that reflect the effects of both geometry variations and variation in Pr.  

 

Micro pin fin heat sinks experimental results 

The variation of pressure drop with Reynolds number calculated based on pin fin hydraulic 

diameter for tested µPFHSs is shown in Figure 3-4a. A monotonically increasing trend can 

be seen for all pin fin arrays. Similar to liquid nitrogen flow results presented in [1] while 

having identical aspect ratio and pin fin size, comparing the increasing trend of ∆𝑃 for 

µPFHS1 and 2 in Figure 3-4a shows higher pressure drop across the heat sink of larger 

pitch ratio, i.e. PFHS1. This counter-intuitive trend is more apparent at higher ReDh and 

suggests the inability of the chosen length scale for Reynolds number to present the 

experimental data accurately. Using the hydraulic diameter obtained from minimum fluid 

cross section area within the pin fin arrays (DLc_Amin) as the length scale for Reynolds 

number (ReLc_Amin) and Re-plotting the data in Figure 3-4b, reveals the expected trends. 

At a constant 𝑅𝑒𝐿𝑐−𝐴𝑚𝑖𝑛 for heat sinks of identical aspect ratio and pin fin size, those with 

larger pitch ratio (coarser pin fin arrangement, namely PFHS1 and 3) which are 

characterized by larger heat sink hydraulic diameter, 𝐷𝐿𝑐_𝐴𝑚𝑖𝑛, caused lower pressure drop.   

 

Pressure drop results of all PFHSs for 𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛 < 350 is depicted in Figure 3-5a on 

logarithmic axis. It can be seen that the curves of PFHS1 and 3 show a change in the slope 

respectively in 120 < 𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛 < 140 and 80 < 𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛 < 110. The pressure drop in 

PFHS2 and 4 follow a monotonically increasing trend with Reynolds number without 
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exhibiting a noticeable change in the slope. The variation of non-dimensional pressure 

drop, the friction factor, of PFHSs with 𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛 on logarithmic axis is shown in the 

Figure 3-5b as well. At lower 𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛, the decaying trend of f with Reynolds number 

can be seen in all test articles. However the decreasing trend in µPFHS2 follows the same 

slope as of µPFHS4 and both have less steep when are compared with heat sinks of identical 

aspect ratio but larger pitch ratio, i.e. µPFHS1 and 3 respectively. The friction factor curves 

for µPFHS1 and 3 decrease steeper and with the same slope when 𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛 is smaller 

than Reynolds range associated to the slope change seen in their pressure drop curves in 

Figure 3-5a. Also in the friction factor curve for µPFHS1 an abrupt rise can be seen which 

follows again with decreasing trend but with more moderate fashion. However such rise 

couldn’t be seen in the friction factor curve for µPFHS3, but both test articles illustrated 

that rise when were tested with LN2 [1].  The reason behind the pressure drop slope change 

at a critical Reynolds number in single phase PF5060 flow through µPFHS1 and 3 was 

discussed by the authors in [1]. As pointed out earlier, the surface temperature profiles 

obtained from visualization experiments with IR camera suggested flapping of the flow 

known as unsteady vortex shedding in the wake of the pin fins of the heat sinks with larger 

pitch ratio. This increases wall friction and the overall pressure drop. However the 

associated ∆𝑃 rise because of additional wall friction in the presence of vortex shedding is 

still smaller compared to the viscous losses due to increased confinement for the heat sinks 

with smaller pitch ratio and denser pin fin arrangement, i.e. µPFHS2 and 4 which is in 

agreement with [13].    
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Pertinent correlations in literature for predicting single phase friction factor on micro pin 

fin heat sinks are listed in Table 3-3. The correlations were selected based on the closest 

match of the pin fin pitch and aspect ratios range between the present study and that for 

which the correlations had been developed. The correlation of Short et al. [11] was 

developed based on a comprehensive study on friction factor of macroscale pin fin heat 

sinks with air flow. The observed change in the slope of f-𝑅𝑒𝐷ℎ curves made the author 

correlate their data with two correlations for 𝑅𝑒𝐷ℎ < 1000 proportional to 𝑅𝑒𝐷ℎ
−0.65 and for 

higher Reynolds numbers with 𝑅𝑒𝐷ℎ
−0.08. 

 

Moores and Joshi [16] correlated their experimental friction factor data of water flow 

across meso scale pin fin heat sinks with and without a clearance between tip of the pin 

fins and heat sink’s top wall. Other listed correlations are all developed for staggered 

configuration of micro pin fin heat sinks with pin fins in shape of circle, square, and 

diamond except one of Brunschwiler et al. [2] correlations which was developed for in-line 

arrangement. Several microchannel heat sink geometries fabricated on silicon substrate 

with foot print area of 1 𝑐𝑚2 including circular micro pin fin heat sinks with in-line and 

staggered pin fin arrangement were characterized experimentally with de-ionized water as 

coolant by Brunschwiler et al. [2]. As mentioned earlier, the authors reported alternating 

shedding in the wake region of in-line pin fin heat sinks which resulted in higher rate of 

increase for measured pressure drop. Brunschwiler et al. [2] correlated separately their 

experimental friction factor data for in-line and staggered circular pin fin heat sinks, see 

Table 3-3. The f correlation for in-line µPFHSs was based on the data before the 

observation of slope change in the measured pressure drop at a Reynold number which the 
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authors termed it as critical Reynolds number. Table 3-3 also shows the Mean Absolute 

Error (MAE), defined as,  

𝑀𝐴𝐸 =
1

𝑁
∑

|𝜙𝑒𝑥𝑝−𝜙𝑝𝑟𝑒𝑑|

𝜙𝑒𝑥𝑝
× 100%𝑁

1                         ( 3-1) 

It should be noted that the definition used in this study for friction factor is based on Darcy 

friction factor. The constant multiplier of those correlations which were developed based 

on Fanning friction factor was multiplied by the factor of 4 to convert into Darcy friction 

factor. The trends of friction factor predictions by utilized correlations for PFHS2 and 1 

are depicted in Figure 3-6a and b respectively.  

 

Although the correlation 𝑅𝑒𝐷ℎ validity range and non-dimensional parameters of the pin 

fin heat sinks tested by Short et al. [11] cover the PFHSs of this study, none of MAE 

values of this correlation suggested any agreement with the experimental data. Among all 

the correlations specifically developed for micro-scale PFHSs, the correlation by Prasher 

et al. [12] predicts the experimental friction factor of PFHS2 and 4 for 𝑅𝑒𝐷ℎ > 100 with 

lowest MAE values of 14.0 and 4.0%, respectively. Prasher et al. [12] correlation in the 

Table 3-3 was developed based on testing of three heat sinks with circular pin fins. The 

authors performed pressure drop testing on two square PFHS as well. While comparing 

of pressure drop among the pin fin arrays of different shapes, Prasher et al. [12] suggested 

correction factors for friction factor in square pin fins, shown in Table 3-3. The correction 

factors originated based on the difference in the volume fractions of the heat sinks with 

different pin fin shapes which were defined as (𝑁𝑝𝑖𝑛 ×
𝜋

4
𝐷ℎ

2) 𝑊𝐿⁄  for circular pins and 

(𝑁𝑝𝑖𝑛𝐷ℎ
2) 𝑊𝐿⁄  for square pins. Hydraulic diameter for a square pin fin is equal to the pin 
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fin side width, 𝑊𝑝𝑖𝑛. Applying this correction changed the MAE values of PFHS2 and 4 

to 6.7 and 17.4%, respectively from 14.0 and 4.0% (see Figure 3-6a). The change in the 

dependency of f with Reynolds number before and after 𝑅𝑒𝐷ℎ = 100 for Prasher et al. [12] 

correlation is clear in Figure 3-6b where 𝑅𝑒𝐷ℎ of µPFHS1 test varies in range of 2-504. 

However in contrast with Short et al. [11], the authors didn’t interpret this behavior in 

friction factor as a transition to turbulence and recommended flow visualization. 

 

Koşar et al. [7] trends show the slope change in friction factor similar to Prasher et al. [12] 

study but at 𝑅𝑒𝐷ℎ ≅ 60. The authors unlike [11] and [12] developed one correlation valid 

for the entire range of tested Reynolds numbers. The elaborate correlation suggested by 

Koşar et al. [7] includes pin fin spacing and aspect ratio, but it was developed for a larger 

pitch ratio (ST or L Dh⁄ = 5) than those of the present heat sinks (ST or L Dh⁄ = 2.4 − 3.8) 

and couldn’t predict the results with good agreement. The experimental data used in 

developing Brunschwiler et al. [2] correlations are for the heat sinks with pitch and aspect 

ratios (𝐻𝑝𝑖𝑛 𝐷ℎ⁄ = 1 − 8) in the range of PFHSs of this study (𝐻𝑝𝑖𝑛 𝐷ℎ⁄ = 3.1 − 4.2) but 

still were not successful in predicting the results within reasonable MAEs. The Reynolds 

number definition used by the authors was calculated based on channel hydrodynamic 

diameter at the inlet of PFHS and maximum velocity across the heat sink- 𝑈𝑚𝑎𝑥 (termed 

here as 𝑅𝑒max_𝑐ℎ). In terms of PFHS2 and not any of other tested heat sinks, the correlation 

for staggered pin fin arrangement which was developed for 𝑅𝑒max_𝑐ℎ less than 100, could 

predict the experimental data better than all other correlations only for 𝑅𝑒𝐷ℎ < 100 

(corresponding to 𝑅𝑒max_𝑐ℎ = 634). Although the vortex shedding was reported in in-line 
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PFHSs of Brunschwiler et al. [2] study, as mentioned earlier, for the correlation 

development, the authors used only experimental data for Reynolds number smaller than 

𝑅𝑒𝐷ℎ,𝑐𝑟. Also the PFHSs of this study are in staggered configuration which as reported 

by [2] for the same aspect and pitch ratios at a constant Reynolds number the staggered pin 

fin heat sink shows higher pressure drop than the one with in-line pin fins because of more 

interruption in the flow streamlines. Hence as it is shown in Figure 3-6b the in-line 

correlation significantly underpredicts the PFHS1 result. This also can be seen in 

predicting the f in PFHS2, see Figure 3-6a. With the exception of the correlations by 

Prasher et al. [12] and Qu and Siu-Ho [17], other research groups’ correlations for friction 

factor resulted in poor agreement with MAE errors in excess of 50%. 

 

Variation of Nusselt number for the tested heat sinks with respect to Reynolds number 

based on 𝐷ℎ (Figure 3-7a) and 𝐷𝐿𝑐_𝐴𝑚𝑖𝑛 (Figure 3-7b) are illustrated in Figure 3-7. Similar 

trends in Nu are noted for all heat sinks when the results are plotted in terms of ReLc_Amin 

(Figure 3-7b) instead of 𝑅𝑒𝐷ℎ. Increasing trend of Nusselt with Reynolds number can be 

seen in all µPFHSs. In agreement with LN2 results [1], the heat sinks with exhibited 

unsteady vortex shedding in the pin fins’ wake region, µPFHS1 and 3, have significantly 

higher Nusselt at a given Reynolds than heat sinks without flow transition, i.e. µPFHS2 

and 4. Through IR thermography from the pin fins base discussed in [1], it was shown that 

the existence of unsteady wake behind the pins enhances flow mixing and hot spot removal 

formed in the wake region behind the pin fins with trade off in higher pressure drop. As 

can be seen in both Figure 3-7a and b, the average Nusselt number of µPFHS1 and 3 is 

higher than heat sinks with the identical pin fin size and aspect ratio but smaller pitch ratio, 
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µPFHS2 and 4, even in 𝑅𝑒𝐷ℎ less than 𝑅𝑒𝐷ℎ,𝑐𝑟 range. From pressure drop measurement 

(Figure 3-5), it was shown that critical Reynolds number for PFHS1 and 3 is in range of 

120 < 𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛,𝑐𝑟 < 140 (corresponding to 50 < 𝑅𝑒𝐷ℎ,𝑐𝑟 < 60) and 80 <

𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛,𝑐𝑟 < 110 (corresponding to 20 < 𝑅𝑒𝐷ℎ,𝑐𝑟 < 30) respectively. For example at 

𝑅𝑒𝐷ℎ = 15, Nusselt number in µPFHS1 and 3 is about 56% and 119% higher than µPFHS2 

and 4, respectively. At 𝑅𝑒𝐷ℎ = 90 which is higher than 𝑅𝑒𝐷ℎ,𝑐𝑟, Nusselt number in 

µPFHS1 and 3 is about 49% and 70% higher than µPFHS2 and 4, respectively. 

Brunschwiler et al. [2] showed, using IR thermography of the heat sink surface 

temperature, that unsteady vortex shedding started in the wake region of pin fin rows close 

to the outlet of heat sink at low Reynolds numbers. Upon increase in Reynolds, they noticed 

unsteady shedding progress upstream, and eventually cover the entire length of a heat sink. 

Renfer et al. [13] performed µPIV visualization experiments with local pressure drop 

measurement on the circular micro pin fin heat sinks including the one tested with IR 

camera by Brunschwiler et al. [2]. There were four pressure ports along the length of heat 

sink (𝐿 = 10𝑚𝑚) to enable local pressure measurement at 0, 1, 5, and 10 mm distance 

from the inlet. The onset of vortex shedding first was captured by ∆𝑃 measurement at the 

section close to the exit (at 𝑅𝑒𝐷ℎ = 160). By increasing Reynolds number other sections 

experienced the onset of vortex shedding in row by showing change in the slope of ∆𝑃 −

𝑅𝑒𝐷ℎ curves. The pressure drop measurement section at the inlet didn’t show the onset of 

vortex shedding even up to 𝑅𝑒𝐷ℎ = 270. The µPIV conducted on the pin fins located in 

vortex shedding region clearly showed the transversal flow oscillation.  
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While there are differences in the pin aspect ratio and pin shape of the studies of 

Brunschwiler et al [2] and Renfer et al. [13], it is likely that similar progression of unsteady 

shedding was observed over a range of 𝑅𝑒𝐷ℎ in PFHS 1 and 3 of the current study.  

Consequently, the Nu was higher for PFHS 1 and 3 even at 𝑅𝑒𝐷ℎ < 𝑅𝑒𝐷ℎ,𝑐𝑟 although the 

percentage enhancement is higher upon global 𝑅𝑒𝑐𝑟 transition. The global 𝑅𝑒𝐷ℎ,𝑐𝑟 can be 

interpreted as the Reynolds at which all the pin fins in the heat sink experience unsteady 

wake effects. 

 

It can be seen from Figure 3-7b that for 𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛 ≫ 𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛,𝑐𝑟, µPFHS3 shows better 

heat transfer performance than µPFHS1 at a given Reynolds number. Although the aspect 

ratio of µPFHS3 is larger than µPFHS1 (4.2 compared with 3.1), the height of pin fins in 

µPFHS3 is 32% shorter and flow is more confined, see Table 3-1. So at a constant Reynolds 

number the ratio of 𝐻𝑝𝑖𝑛/𝛿𝑡 in µPFHS3 is smaller than in µPFHS1 and this brings closer 

the boundary layer formed on the end walls (top and bottom). After initiation of transversal 

flow flapping, the vortex shedding can interact more with the thermal boundary layer in 

µPFHS3 to reduce the 𝛿𝑡 and hence enhance convection heat transfer. A different study by 

Renfer et al. [18] confirmed that the non-dimensional frequency, Strouhal number (St), 

increases with increased confinement (with decrease in channel height or pin fin pitch). 

The measurement of vortex shedding frequency in micro pin fin heat sinks with identical 

pin fin height of 200 µm and varied pitch showed that for example at 4 𝑚 𝑠⁄  mean fluid 

velocity between the pin fins, the heat sink with longitudinal pitch of (𝑆𝐿) of 150 µm has 

vortex shedding frequency about 10000 Hz which is 30% and 50% higher than measured 

vortex shedding frequencies in heat sinks with 𝑆𝐿 of 300 and 400 µm pitch, respectively. 
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Hence one may surmise that at 𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛 > 𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛,𝐶𝑟, because of larger unsteady wake 

frequencies in µPFHS3 than in µPFHS1, hot spot removal in the wake region of pin fins 

enhances so higher heat transfer coefficient would be expected in µPFHS3. 

 

Micro pin fin heat sinks heat performance comparison 

The heat performance of the identical tested heat sinks studied in cryogenic flows was 

discussed in [1]. The heat performance of PF5060 a dielectric fluid as an appropriate 

candidate for electronic cooling in the studied µPFHSs is presented in this section. The 

µPFHS1 and 2 have identical aspect ratio with the same pin fin hydraulic diameter of 

400µm and are only varied in pin fin pitch so that the number of pin fins and total heated 

surface area in the latter are 1.7 and 1.5 times, respectively, of µPFHS1. The same concept 

was used for fabrication of µPFHS3 and 4 with pin fin hydraulic diameter of 200µm which 

resulted in 1.9 and 1.7 times more pin fin numbers and heated surface area respectively, 

for µPFHS4 when compare with µPFHS3. A commonly parameter considered in heat 

exchanger designs is pumping power which is defined as [19]; 

Λ = ∆𝑃. ∀̇    

where ∀̇ is the volumetric flow rate and for incompressible fluid can be expressed as ∀̇=

�̇� 𝜌⁄ . The heat transfer coefficient of µPFHSs as a function of Λ is illustrated in Figure 3-8. 

Having larger heated surface area for the heat sink with denser pin fin arrangement would 

suggest that higher heat transfer rates would be obtained with the penalty of higher pressure 

drop. As seen in Figure 3-8, for 10−4 < Λ < 6 × 10−3 at the same pumping power the heat 

sinks with the higher pitch ratio (coarser arrays), i.e. µPFHS1 and 3 because of exhibiting 

unsteady vortex shedding in the wake region of the pin fins showed heat transfer 



 

79 

 

coefficients that are larger by 1.3-2.1 and 1.5-1.9 times when compared against the heat 

sinks of the same pin fin size but denser arrangement, i.e. µPFHS2 and 4, respectively. A 

comparison between heat sinks with nearly identical heated surface areas (µPFHS1 and 3, 

and µPFHS2 and 4) in Figure 3-8 shows that at a constant pumping power, the heat sinks 

with larger number of pins (Npin,PFHS3 ≅ 2.8Npin,PFHS1, and Npin,PFHS4 ≅ 3.1Npin,PFHS2), 

and hence a smaller DLc_Amin resulted in higher heat transfer coefficients and consequently 

lower wall surface temperature over the range of tested flow rates. This is sensible because 

thermal diffusion length through µPFHS3 and 4 is smaller than µPFHS1 and 2, 

respectively. The µPFHS2 and 4 because of smaller pitch ratio have shorter thermal 

diffusion length in compare with the heat sinks of the same aspect ratio, i.e. µPFHS1 and 

3, respectively. In the absence of vortex shedding phenomenon (when 𝑅𝑒𝐷ℎ ≪ 𝑅𝑒𝐷ℎ,𝑐𝑟), 

one may expect to see higher ℎ (or Nu) at constant Reynolds number for the heat sinks of 

smaller pitch ratio. Comparing the trends of heat transfer coefficient in all tested µPFHSs 

in Figure 3-8 shows that they are converging in very low pumping powers (Λ < 10−4 𝑊) 

similar to the trends seen for Nusselt against Reynold number in Figure 3-7. However 

because of limited available experimental data for very small Reynolds numbers, better 

heat transfer performance in the heat sinks with denser pin fin arrangement (smaller pitch 

ratio) couldn’t be observed in the absence of unsteady flow flapping. Similar to LN2 results 

[1] it seems designing a PFHS with a larger pitch ratio (PFHS1 and 3) such that it 

exhibits flow transition is advantageous from both a pressure drop and heat transfer 

standpoint than one with a smaller pitch ratio (PFHS2 and 4). 
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Comparison with predictive correlations  

The correlations used for predicting the experimental Nusselt numbers for PFHSs are 

listed in Table 3-4. The Zukauskas [10] correlation was developed for cross flow over a 

bank of tubes in two 𝑅𝑒𝐷ℎ range of 10 < 𝑅𝑒𝐷ℎ < 100 and 100 < 𝑅𝑒𝐷ℎ < 1000 over a 

large range of Pr (0.7 < 𝑃𝑟 < 500). Zukauskas [10] pointed out that with a decrease in the 

𝑆𝐿, the heat transfer increases while to a lesser extent, decreasing transverse pitch (𝑆𝑇) has 

decreasing effect on heat transfer. Hence based on the ratio of pitch ratios in staggered bank 

of tubes for βT βL⁄ < 2 where β𝑇 = S𝑇 𝐷ℎ⁄  and β𝐿 = S𝐿 𝐷ℎ⁄ , the author presented a new 

general correlation which is listed in Table 3-4. Qu and Siu-Ho [20] and Koşar and Peles 

[8] developed their correlations for micro pin fin heat sinks based on the general form of 

Zukauskas correlations. The correlations presented by Prasher et al. [12] for PFHSs has 

the added effect of geometry variations. Based on the general form of Prasher et al. [12] 

correlation, Brunschwiler et al. [2] developed a correlation based on heat transfer data in 

staggered circular micro pin fin heat sinks. The correlation is not a function of pitch ratio 

because the only varied parameters in the staggered heat sinks was aspect ratio. The vortex 

shedding phenomenon was reported by the authors in the heat sinks with in-line pin fin 

configuration and the experimental data used to develop the correlation for staggered pin 

fin heat sinks were collected in the absence of unsteady flow flapping. It should be noted 

that correlations by Prasher et al. [12] and Brunschwiler et al. [2] did not include the Pr 

correction, (Prtest−fluid Prwater⁄ )0.36, indicated in Table 3-4; however, Prasher et al. [12] 

recommended this correction for comparing their experimental data with other literature 

based on the work of Zukauskas [10] who found this power index to be valid for correlating 

heat transfer in a wide range of tube bank geometries.  
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The comparison of experimental Nu number against the prediction of selected correlations 

listed in Table 3-4 for PFHS2 and 4 is shown in Figure 3-9a and b respectively. Three of 

correlations presented by Koşar and Peles [8], Prasher et al. [12], and Brunschwiler et al. 

[2] for staggered pin fin heat sinks predicted the trend and values of the experimental data 

in PFHS2 and 4, reasonably well. The Prasher et al. [12] correlation predicted the 

PFHS2 and 4 results over the range of experiment Reynolds number with overall MAE 

of 3.8 and 12.8%, respectively. The Koşar and Peles [8] correlation predicted the 

experimental data with MAEs of 11.7 and 5.8% respectively for PFHS2 and 4. Note that 

the low MAE was not intuitive since does not explicitly include pin pitch or aspect ratios. 

Brunschwiler et al. [2] correlation for staggered pin fins predicted the data of PFHS2 with 

MAE of 5% and for PFHS4 with overestimation, see Figure 3-9b, resulted in MAE of 

22.3%.   

 

The prediction trends of selected correlations for experimental Nu number in PFHS1 and 

3 is shown in Figure 3-10a and b respectively. The Zukauskas [10] correlation 

recommended for 100 < 𝑅𝑒𝐷ℎ < 1000 showed very good agreement with the 

experimental data of the same 𝑅𝑒𝐷ℎ range in PFHS1 with MAE of 7.6%. The correlation 

for 𝑅𝑒𝐷ℎ < 100 wasn’t successful and resulted in MAE of 83.5%. If the correlation for 

higher range of 𝑅𝑒𝐷ℎ was used for entire data points of PFHS1 which expanded over 8 <

𝑅𝑒𝐷ℎ < 462, the resultant MAE would be 29.6%. The 𝑅𝑒𝐷ℎ range in PFHS3 experiments 

was less than 100, so the lower 𝑅𝑒𝐷ℎ range correlation was used for predicting the Nusselt 

in this heat sink which resulted in unacceptable MAE of 110.2%. Unlike to well predicting 



 

82 

 

the Nu data in PFHS1 for 𝑅𝑒𝐷ℎ > 100, if the higher 𝑅𝑒𝐷ℎ range Zukauskas correlation 

was used for PFHS3, the result would be overpredicting the data with MAE of 66%. In 

general over the entire Reynolds number tested on PFHS1 and 3 only the Brunschwiler 

et al. [2] correlation could result in lower MAE values, albeit with underestimating the 

data, with 33.2 and 28.8%, respectively. Despite predicting well the Nusselt trends in 

PFHS2 and 4 (see Figure 3-9a and b), Brunschwiler et al. [2] correlation couldn’t follow 

the Nu trends in the heat sinks which exhibited unsteady vortex shedding, i.e. PFHS1 and 

3 (see Figure 3-10a and b). The single phase heat transfer test in PFHS1 was performed 

up to higher Reynolds numbers (𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛 up to 1070) than what was tested in PFHS3 

(𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛 up to 309). The Nusselt number variation against Reynolds number in 

Figure 3-10a shows higher rate of increase in lower 𝑅𝑒𝐷ℎ. The drop in the rate of increase 

in Nu trend could be followed better by Zukauskas [10] correlations. While Qu and Siu-

Ho [20] and Koşar and Peles [8] correlations predict the increasing trend of  𝑁𝑢𝐷ℎ with 

𝑅𝑒𝐷ℎ in a linear fashion (power index of 𝑅𝑒𝐷ℎ > 0.9), comprehensive study on cross flow 

over bank of tubes by Zukauskas [10] yielded in smaller values for the 𝑅𝑒𝐷ℎ power (≤

0.6). Zukauskas [10] pointed out that mixed flow enhances the heat transfer and can 

increase the power of 𝑅𝑒𝐷ℎ from 0.4 to 0.6 or even 0.63. As described it earlier, mixed 

flow based on Zukauskas [10] discussion is characterized by intensive vortical flow in the 

rear of a tube which has laminar boundary layer in the front edge. The increase in 𝑅𝑒𝐷ℎ 

power also can be seen by comparing Zukauskas correlations listed in Table 3-4 for low 

range (< 100) and high range (> 100) Reynolds numbers. The 𝑅𝑒𝐷ℎ power increases from 

0.4 to 0.5. The presented 𝑅𝑒𝐷ℎ power (≪ 1) by Zukauskas results in higher rate of increase 
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at lower 𝑅𝑒𝐷ℎ and drop in the increasing rate in higher Reynolds numbers. Based on this 

trend one may interpret that the effectiveness of flow mixing in enhancing the heat transfer 

rate decays at higher Reynolds number. 

 

The single phase heat transfer results of LN2 presented in [1] are compared with PF5060 

for µPFHS2 and 4 in Figure 3-11a and for µPFHS1 and 3 in Figure 3-11b. The average Pr 

number over temperature range of LN2 experiments was 1.9 while it was 12.2 for PF5060 

(𝑃𝑟𝑃𝐹5060 𝑃𝑟𝐿𝑁2⁄ ≅ 6.4). It can be seen from Figure 3-11a that for µPFHS2 and 4 there is 

a significant change between the slopes of the curves of two fluids. One with higher Pr 

number shows higher convective heat transfer rates at a given 𝑅𝑒𝐷ℎ. It is known that 

relative effectiveness of momentum and energy transport by diffusion in the hydrodynamic 

and thermal boundary layers, respectively, can be estimated by Prandtle number. For 

laminar boundary layers Pr can be related to ≈ (𝛿ℎ 𝛿𝑡⁄ )𝑛, where n is a positive exponent 

[19]. High Pr numbers in PF5060 implies 𝛿𝑡 ≪ 𝛿ℎ, hence momentum diffusivity dominates 

and convective heat transfer is more effective in transferring energy from the heated surface 

area. The general form of correlations developed for single phase heat transfer in µPFHSs 

also show their direct dependency to Pr (see Table 3-4). In the heat sink with unsteady 

vortex shedding, µPFHS1 and 3, despite of considerable difference in the Pr number of 

two fluids, the 𝑁𝑢𝐷ℎ curves of both fluids are approximately collapsed onto a single curve, 

see Figure 3-11b, however there is a slight change in the slopes. The comparison of heat 

transfer rates of two fluids in µPFHS1 and 3 suggests that with the presence of unsteady 

vortex shedding in the wake region behind the pin fins, the laminar boundary layer 

developed downstream of the pin fins is destroyed as the result of liquid mixing which 
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results in local enhancement of the convective heat transfer. So the dependency of heat 

transfer to Pr number reduces in the heat sinks that exhibit vortex shedding, i.e. µPFHS1 

and 3. Hence there is a need to develop separate correlations for the case with and without 

unsteady vortex shedding. In the correlation development section based on all the 

experimental data collected from two fluids, correlations for single phase heat transfer in 

staggered micro pin fin heat sinks are developed with dependency to geometry parameters 

and for the flow conditions with and without unsteady flow flapping.   

 

Correlation development 

The approach described by Cardenas and Narayanan [21] was employed for developing 

the correlations. A power of law expression as a possible mathematical correlation for 

𝑁𝑢𝐷ℎ can be written as; 

𝑁𝑢𝐷ℎ = 𝑎0𝑥1
𝑎1𝑥2

𝑎2𝑥3
𝑎3 … 𝑥𝑛

𝑎𝑛            (3-2) 

The p-value for each term tests the null hypothesis. According to the null hypothesis, p-

value quantifies a coefficient’s likelihood to be zero. If the p-value be greater than 0.05 the 

null can be true so the coefficient is not of statistical significance. Thanks to the very 

restricted and simple form of a linear regression model, the effect of each independent 

variable (predictor) on the dependent variable (response) can be easily canceled out by 

entering associated coefficient equal to zero. Hence the null hypothesis can be tested for 

this model. Since the nonlinear equations can be found in many different forms and the 

effect of each predictor on the response may not be separated from the other existed terms, 

it is impossible to create a single hypothesis test that works for all nonlinear models. So 

the p-value is not considered for non-linear regression. Since the Eq. (3-2) is non-linear, in 
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order to be able to optimize it through p-value test, a natural logarithm can be taken from 

both sides;  

ln(𝑁𝑢𝐷ℎ) = ln 𝑎0 + 𝑎1 ln(𝑥1) + 𝑎2 ln(x2) + a3 ln(𝑥3) … + an ln(𝑥𝑛)  (3-3) 

The resultant expression (Eq. (3-3)) is a simple multivariate linear equation which the 

dependent variable in the left side is a known experimental quantity (𝑁𝑢𝐷ℎ). The next step 

is to choose appropriate input parameters (𝑥1, 𝑥2, 𝑥3, … , 𝑥𝑛) based on the physics of the 

problem and the potential effective dimensions of the PFHSs and to determine their 

associated coefficients (𝑎0, 𝑎1, 𝑎2, 𝑎3, … , 𝑎𝑛).  

 

The geometry variations in the tested µPFHSs were introduced to the model in non-

dimensional form of pitch ratio (𝑆𝐿 𝑜𝑟 𝑇 𝐷ℎ⁄ ) and aspect ratio (𝐻𝑝𝑖𝑛 𝐷ℎ⁄ ). It should be noted 

that longitudinal and transverse pitches in the micro pin heat sinks of this study were equal, 

see Table 3-1 (𝑆𝐿 𝐷ℎ⁄ = 𝑆𝑇 𝐷ℎ⁄ ). Another approach of geometry parameter’ 

nondimensionalization used by Prasher et al. [12] and Brunschwiler [2] with the form of 

(𝑆𝐿,𝑇 − 𝐷ℎ)/𝐷ℎ was also considered. Flow rate across the heat sink which initiates forced 

convective heat transfer was considered in the form of Reynolds number calculated based 

on the pin fin hydraulic diameter and maximum velocity across the pin fins (𝑅𝑒𝐷ℎ =

(𝜌𝑈𝑚𝑎𝑥𝐷ℎ) 𝜇⁄ ). Fluid thermophysical properties were introduced as Pr number (𝑃𝑟 =

𝑐𝑝𝜇 𝑘⁄ ). In order to take into the account the variations of thermophysical properties within 

the boundary layer, Zukauskas [10] suggested the Pr number correction term as of 

𝑃𝑟/𝑃𝑟𝑤𝑎𝑙𝑙. The Pr ratio with the constant power index of 0.25 for heating (recommended 

by [10]) and without fixing its power index was used in the regression model. Using the 
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defined non-dimensional parameters in above, similar to the criteria pursued by [21], the 

following procedure was followed: 

- To avoid an expression with several unimportant independent parameters, a model 

with as few input parameters as possible was selected that could explain the most of 

the variation in the experimental data. The existence of each parameter with associated 

coefficient was only allowed if it was physically meaningful and helped the model in 

maximizing the 𝑅2 value. 

- Only parameters that truly affected the single phase heat transfer in PFHSs were 

retained in the model and those with p-value greater than 0.05 were removed.  

 

An iterative process was implemented in order to achieve the best set of input parameters 

with the strategy of all possible models [22]. As introduced by [22] and used by [21], there 

are two ways of forward selection and backward elimination in this strategy. The first 

works with introducing a new independent variable to the model one at the time and at each 

step the one that results in the higher 𝑅2 value of the regression can retain. The latter begins 

with the model with all potential terms that may affect the response (dependent variable) 

and eliminates the terms that have reducing effect on the 𝑅2 of the regression.  

 

The linear regression was performed using MATLAB® with a stepwise selection approach. 

At each step all included independent variables were checked forward and/or backward to 

evaluate and compare the regression 𝑅2 and ensure that all the terms in the expression with 

maximum 𝑅2 maintain their statistical significance. The first step started with a correlation 

with only one term, i.e. a constant or an independent variable. Once the one-term 
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correlation was examined statistically and the best descriptive term with statistically 

significance was selected, a new set of input parameters introduced to the model to form a 

correlation with two-term combination. Repeating the above strategy the assessment of the 

next steps were continued until a viable regression model was achieved with maximum 

possible 𝑅2 while the p-values of all terms in the combination were less than 0.05 (i.e., to 

be statistically significant).      

 

Following the aforementioned procedure and criteria, it was found that the maximum 

values of 𝑅2 can be achieved only if the total experimental heat transfer data pool was 

divided into two groups of without/before transition and those for after transition into 

unsteady flow flapping. The iterative process for without/before transition eventually 

converged into, 

NuDh,WOT = 𝑎0 (
𝐻

𝐷ℎ
)

𝑎1

(
𝑆𝐿,𝑇

𝐷ℎ
)

𝑎2

𝑅𝑒𝐷ℎ
𝑎3 𝑃𝑟𝑎4       (3-4) 

where the coefficients’ values with associated p-values and 95% confidence intervals (95% 

-CI and 95%+CI) are listed in the Table 3-5. All the single phase 𝑁𝑢𝐷ℎ experimental data 

of without/before transition in the four PFHSs and the two tested fluids with distinct Pr 

could be predicted with this correlation with MAE of 11.2%. The outcome correlation has 

similar form of the model proposed by Short et al.  [23] for heat transfer of air flow across 

millimeter size circular pin fin heat sinks. Adding the Pr ratio to the model with or without 

fixing its power at either case resulted in reducing 𝑅2 value or into an unphysical associated 

power index. The geometry parameter’ non-dimensionalzing method used by Prasher et al. 

[12] did not show any superiority on the simple non-dimensionalization form showed in 
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Eq. (3-4). In terms of heat transfer data in post-transition flow condition, the iterative 

process converged into, 

NuDh,WT = 𝑎0 (
𝐻

𝐷ℎ
)

𝑎1

𝑅𝑒𝐷ℎ
𝑎3          (3-5) 

The MAE of this correlation based on the coefficients’ values and related statistical figures 

given in the Table 3-5, is about 9.9%. Although the introduction of Pr number as one of 

the input parameters to the model helped in increasing the 𝑅2 from 0.962 to 0.975, the 

associated power index was found to be negative (-0.136). As was mentioned earlier, 

increase in Pr can be interpreted into decrease in thermal boundary layer and increase in 

the momentum diffusivity which causes convective heat transfer to be more effective in 

comparison with heat conduction. Hence Nu has to be directly proportional to Pr, and an 

inverse relation between these two parameters is not physically meaningful and cannot be 

retained in the regression model (Eq. (3-5)). 

 

The parity between all experimental Nusselt data in LN2 and PF5060 single phase flows 

through µPFHSs without/before flow transition and after transition into unsteady flow 

flapping is shown in Figure 3-12a and b, respectively. Since the Nu magnitudes range 

differently in two fluids (because of different tested 𝑅𝑒𝐷ℎ range) data are plotted on a log–

log scale for ease of visual comparison. Lines of ±25% are also given and indicate that 

most of the data points fall within this range. 
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Conclusions 

Single-phase flow of Performance Fluid (PF5060) in four micro pin fin heat sinks have 

been characterized in terms of heat transfer and pressure drop. Pin fin arrays were 

fabricated in two different pin fin sizes with varied pitch and aspect ratios. Results have 

been presented in a non-dimensional form in terms of the friction factor (f), Nusselt (Nu), 

and Reynolds (ReDh) numbers and have been compared with the predictions of existing 

correlations in the literature for micro pin fin heat sinks. The flow transition into unsteady 

vortex shedding observed in the heat sinks of larger pitch ratio was investigated in detail 

in terms of its effects on global trends of f and Nu against Reynolds number. It was shown 

that the existed correlations were capable of predicting the f and Nu data with good 

agreement only in the absence of vortex shedding. The transition into unsteady flow results 

in the poor comparison of correlations with experimental data. Comparing the experimental 

Nu data of PF5060 (𝑃𝑟 ≅ 12.2) with the data of LN2 [1] (𝑃𝑟 ≅ 1.9) collected through the 

identical PFHSs of this study showed significant change between the slopes of the curves 

of two fluids only in the heat sinks without flow flapping. In the heat sink with unsteady 

vortex shedding, the 𝑁𝑢𝐷ℎ curves of both fluids have been approximately collapsed onto 

a single curve. Separate correlations were developed for predicting Nu in the case with and 

without unsteady vortex shedding. The resulted regression model showed significantly 

decrease in the dependency of Nusselt to Pr number at the presence of vortex shedding in 

the heat sinks. 
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Nomenclature 

𝐴𝑝𝑖𝑛,𝑐𝑟𝑜𝑠𝑠    Pin fin cross section area (𝑚2) 

𝐴𝑚𝑖𝑛   Minimum flow area within the pin fin array (𝑚2) 

𝑎1, 𝑎2, 𝑎3, 𝑎4 𝑎𝑛𝑑 𝑎𝑛 Coefficients in the regression model 

𝑐𝑝   Specific heat capacity (𝐽 𝑘𝑔. 𝐾⁄ ) 

𝐷𝑐ℎ Channel hydraulic diameter calculated at the inlet of µPFHS based 

on 𝑊 and 𝐻𝑝𝑖𝑛 (𝑚) 

𝐷ℎ    Hydraulic diameter based on pin fin size (𝑚) 

𝐷𝐿𝑐_𝐴𝑚𝑖𝑛      Heat sink hydraulic diameter calculated based on 𝐴𝑚𝑖𝑛 and 𝑃𝑚𝑖𝑛 (𝑚)  

f   Darcy friction factor 

𝑓   Frequency 

ℎ   Average heat transfer coefficient (𝑊/𝑚2. 𝐾) 

𝐻   Height (𝑚) 

𝑘   Thermal conductivity (𝑊/𝑚. 𝐾) 

𝐿   Heat sink heated length (𝑚) 

�̇�           Mass flow rate (𝑘𝑔/𝑠) 

𝑀𝐴𝐸      Mean absolute error 

𝑁          Number of experimental data points to be compared with predicted 

values 

𝑛   Power index of 𝑃𝑟 in heat transfer correlations 

𝑁𝑝𝑖𝑛       Number of pin fins in the heat sink  

𝑁𝑟𝑜𝑤   Number of pin fin rows in flow direction 

𝑁𝑢𝐷ℎ   Average Nusselt number based on 𝐷ℎ 

𝑁𝑢𝐿𝑐_𝐴𝑚𝑖𝑛  Average Nusselt number based on 𝐷𝐿𝑐_𝐴𝑚𝑖𝑛  
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𝑁𝑢𝑐ℎ   Average Nusselt number based on 𝐷𝑐ℎ 

𝑃𝑚𝑖𝑛       Wetted perimeter associated to 𝐴𝑚𝑖𝑛 (𝑚) 

𝑃𝑟   Prandtle number 

𝑝 − 𝑣𝑎𝑙𝑢𝑒 A measure to determine statistical significance of an independent 

variable in the regression model 

∆P   Pressure drop (𝑃𝑎) 

∆𝑃𝑒𝑥𝑝   Measured pressure drop (𝑃𝑎) 

𝜇𝑃𝐹𝐻𝑆          Micro pin fin heat sink 

𝑞"   Heat flux (𝑊/𝑚2) 

𝑅𝑒𝐷ℎ   Reynolds number based on 𝐷ℎ  

𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛     Reynolds number based on 𝐷𝐿𝑐_𝐴𝑚𝑖𝑛  

𝑅𝑒𝐷ℎ_𝐶𝐻𝐸     Reynolds number based on a channel hydraulic diameter which was 

obtained through compact heat exchanger approach, details can be 

found in [7] 

𝑅𝑒max_𝑐ℎ   Reynolds number calculated based on 𝐷𝑐ℎ and 𝑈𝑚𝑎𝑥 

𝑅2   A statistic term, coefficient of determination  

𝑆𝐷   Diagonal pitch (𝑚)  

𝑆𝐿   Longitudinal pitch (𝑚)  

𝑆𝑇   Transverse pitch (𝑚) 

𝑆𝑡    Strouhal number, =
𝑓Dh

Umax
  

𝑈𝑚𝑎𝑥      Maximum velocity across pin fin array (𝑚/𝑠) 

∀̇   Volumetric flow rate (𝑚3/𝑠) 

𝑊           Heat sink heated width (𝑚) 

𝑊𝑝𝑖𝑛   Pin fin side width (𝑚)   

𝑥1, 𝑥2, 𝑥3, 𝑎𝑛𝑑 𝑥𝑛 Independent variables in the regression model 
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GREEK SYMBOLS 

𝛼   Aspect ratio, = 𝐻𝑝𝑖𝑛 𝐷ℎ⁄  

𝛽    Pitch ratio, = 𝑆𝐿 𝑜𝑟 𝑇 𝐷ℎ⁄  

𝛿ℎ   Hydrodynamic boundary layer thickness (𝑚) 

𝛿𝑡   Thermal boundary layer thickness (𝑚) 

𝛬   Pumping power (𝑊) 

𝜇   Viscosity (𝑃𝑎. 𝑠) 

𝜌   Density (𝑘𝑔/𝑚3) 

𝜙   Unspecified terms 

SUBSCRIPTS 

𝑐𝑟   Critical, associated to the onset of unsteady vortex shedding 

𝑒𝑥𝑝   Experimental value 

𝐿   Longitudinal 

𝑝𝑖𝑛    Attributed to the pin fin array 

𝑝𝑟𝑒𝑑      Predicted value 

𝑇   Transverse  

𝑤𝑎𝑙𝑙   Estimated at the wall  

𝑊𝑇   After flow transition to unsteady vortex shedding 

𝑊𝑇𝑂   Without or before flow transition to unsteady vortex shedding
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Table 3-1. Geometric parameters of the test sections 

 

µPFHS 

# 
Hpin  

(μm) 

Wpin=Dh  

(μm, nominal) 

(μm, actual) 

SD 

(μm) 

SL=ST 

(μm) 

α 

(H/Dh) 

β 

(SL or T Dh)⁄  
Npin 

Fluid Volume 

(mm3) 

Heated Fluid 

Surface Area 

(mm2) 

Fluid Area/Volume 

(1/mm) 

1 1250 400 (395) 895 1266 3.1 3.2 420 324 1061 3.3 

2 1250 400 (405) 670 948 3.1 2.4 722 255 1652 6.5 

3 845 200 (185) 535 757 4.2 3.8 1200 251 1031 4.1 

4 845 200 (200) 390 552 4.2 2.8 2245 210 1747 8.3 

The following close up images with identical scale from top view of all µPFHSs show the variation of pitch ratio in the tested heat sinks.  

µPFHS1 µPFHS2 µPFHS3 µPFHS4 
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Table 3-2. Representative measurement uncertainty estimate 

 

Variable Uncertainty (±) 

Mass flow meter ±0.002 g/s (0.12%) 

Average fluid and surface 

temperature 
±0.21 ᵒC (0.7%) 

Heat flux, q" ± 277 W/m2 (1.2%) 

Absolute Pressure ±0.7 kPa (0.6%) 

Pressure drop, ∆Pexp ±30.2 Pa (4.3%) 

Friction factor, f ±0.44 (6.3%) 

Average heat transfer coefficient, h ±115.7 W/m2K (7%) 

Average Nusselt number, 𝑁𝑢𝐷ℎ ± 0.34 (5.8%) 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

97 

 

Table 3-3. Literature correlations for single phase friction factor in µPFHSs 

 

Reference Remarks Single phase friction factor1 

MAE (%) in µPFHS# 

1 2 3 4 

Short et al. 

[11] 

- Macro pin fin heat sink  

- Staggered circular pin fin  

ReDh ≤ 1000, 1.9 < Hpin Dh⁄ < 7.2 

2.0 < ST Dh⁄ < 6.4, 1.8 < SL Dh⁄ < 3.2 

f 2 = 140.4 

× (
𝑆𝐿

𝐷ℎ

)
−1.3

(
𝑆𝑇

𝐷ℎ

)
−0.78

(
𝐻𝑝𝑖𝑛

𝐷ℎ

)
−0.55

𝑅𝑒𝐷ℎ
−0.65 (

𝐿

𝐷ℎ𝑁𝑟𝑜𝑤

) 
82.0 81.1 85.4 76.0 

Moores and 

Joshi [16] 

- Meso pin fin heat sink 

- Staggered circular pin fin  

102 ≤ ReDh ≤ 103, 0.5 ≤ Hpin Dh⁄ ≤ 1.1 

1.3 ≤ ST Dh⁄ ≤ 1.36, 1.13 ≤ SL Dh⁄ ≤ 1.18 

f = 19.04 (
Hpin

Dh

)
−0.742

ReDh
−0.502 71.7 78.2 74.9 72.8 

Koşar et al. 

[7] 

- Micro pin fin heat sink 

- Staggered diamond pin fin  

50 ≤ ReDh ≤ 128 

Hpin Dh⁄ = 2 

ST Dh⁄ = SL Dh⁄ = 5 

f = π1 + π2 

π1 =
1126

ReDh
1.1 (

Hpin Dh⁄

Hpin Dh⁄ + 1
)

1.5

(
STSL

Apin,cross

)

−0.4

 

π2 =
6.6

ReDh_CHE
0.7 (

1

1 + Hpin Dh⁄
)

1.7

(
STSL

Apin,cross

)

−1

 

54.7 48.5 38.4 74.0 

Qu and  

Siu-Ho [17] 

- Micro pin fin heat sink 

- Staggered square pin fin  

38 ≤ ReDh ≤ 86, Hpin Dh⁄ = 3.35 

ST Dh⁄ = SL Dh⁄ = 2 

f = 20.09ReDh
−0.547 43.9 58.0 32.3 30.0 
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Table 3-3. Literature correlations for single phase friction factor in µPFHSs (Continued) 

Reference Remarks Single phase friction factor 

MAE (%) in µPFHS# 

1 2 3 4 

Prasher et al. 

[12] 

- Micro pin fin heat sink 

- Staggered circular and square pin fin  

1.3 < Hpin Dh⁄ < 2.8 

2 < ST Dh⁄ < 3.6, 2.4 < ST Dh⁄ < 4 

- For square pin fin: 

f𝑠𝑞𝑢𝑎𝑟𝑒 =
4

𝜋
f𝑐𝑖𝑟𝑐𝑙𝑒  for 𝑅𝑒𝐷ℎ < 100 

f𝑠𝑞𝑢𝑎𝑟𝑒 = √4 𝜋⁄ f𝑐𝑖𝑟𝑐𝑙𝑒  for 𝑅𝑒𝐷ℎ > 100 

fcircle

= 679.28 (
𝐻𝑝𝑖𝑛

𝐷ℎ

)
−0.64

(
𝑆𝐿 − 𝐷ℎ

𝐷ℎ

)
−0.258

(
𝑆𝑇 − 𝐷ℎ

𝐷ℎ

)
0.283

𝑅𝑒𝐷ℎ
−1.35 

𝑅𝑒𝐷ℎ < 100                                                                f𝑠𝑞𝑢𝑎𝑟𝑒 → 

38.8 64.0 48.2 35.4 

32.3 54.2 35.7 35.8 

fcircle

= 1.18 (
𝐻𝑝𝑖𝑛

𝐷ℎ

)
1.249

(
𝑆𝐿 − 𝐷ℎ

𝐷ℎ

)
−0.7

(
𝑆𝑇 − 𝐷ℎ

𝐷ℎ

)
−0.36

𝑅𝑒𝐷ℎ
−0.1 

100 < 𝑅𝑒𝐷ℎ                                                                f𝑠𝑞𝑢𝑎𝑟𝑒 →                                 

34.4 14.0 33.3 4.0 

25.9 6.7 24.7 17.4 

Brunschwiler 

et al. [2] 

- Micro pin fin heat sink 

- In-line circular pin fin 

1 < Hpin Dh⁄ < 8 

1 < (
ST−Dh

Dh
) < 3, 1 < (

SL−Dh

Dh
) < 1.8 

f = 52.176 

× (
𝐻𝑝𝑖𝑛

𝐷ℎ

)
−0.437

(
𝑆𝐿 − 𝐷ℎ

𝐷ℎ

)
0.716

(
𝑆𝑇 − 𝐷ℎ

𝐷ℎ

)
−0.199

𝑅𝑒max_𝑐ℎ
−0.912  

𝑅𝑒max_𝑐ℎ < 𝑅𝑒max_𝑐ℎ,𝑐𝑟 

91.8 97.5 96.3 95.2 

Brunschwiler 

et al. [2] 

- Micro pin fin heat sink 

- Staggered circular pin fin 

1 < Hpin Dh⁄ < 8, 1 < (
𝑆𝐷−𝐷ℎ

𝐷ℎ
) < 1.5 

f = 47.308 (
𝐻𝑝𝑖𝑛

𝐷ℎ

)
0.368

(
𝑆𝐷 − 𝐷ℎ

𝐷ℎ

)
−4.102

𝑅𝑒max_𝑐ℎ
−0.774  

𝑅𝑒max_𝑐ℎ < 100 

93.2 33.2 98.5 71.3 

1 The definition used in this study for friction factor is based on Darcy friction factor. The constant multiplier of those correlations which were developed based 

on Fanning friction factor was multiplied by the factor of 4 to convert into Darcy friction factor.     

2 The factor of (𝐿 𝐷ℎ𝑁𝑟𝑜𝑤⁄ ) was multiplied because of the difference in the definition of f used by [11] with this study.  
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Table 3-4. Literature correlations for single phase heat transfer in µPFHSs 

 

Reference Remarks Single phase Nu number 

MAE (%) in µPFHS# 

1 2 3 4 

Zukauskas 

[10] 

- Tube bank 

- Staggered circular tube 

- All fluids 

0.7 ≤ Pr ≤ 500 

NuDh = 0.9ReDh
0.4Pr0.36(Pr Prwall⁄ )0.25 

10 ≤ ReDh ≤ 100, Nrow > 20 
83.5 159.3 110.2 271.3 

NuDh
1 = 0.51ReDh

0.5Prn(Pr Prwall⁄ )0.25 

100 ≤ ReDh ≤ 1000 

Pr < 10 → n = 0.36, Pr > 10 → n = 0.37 

7.6 46 N/A2 52.3 

NuDh = 0.35 (
βT

βL

)
0.2

ReDh
0.6Pr0.36(Pr Prwall⁄ )0.25 

βT

βL

< 2 where βT =
ST

Dh

and βL =
SL

Dh

 

31.1 101.3 59.6 156.2 

Koşar and 

Peles [8] 

- Micro pin fin heat sink  

- Staggered circular pin fin  

- R-123 and water 

ReDh ≤ 314, Hpin Dh⁄ = 2.44 

ST Dh⁄ = SL Dh⁄ = 1.5  

NuDh = 0.0423ReDh
0.99Pr0.21(Pr Prwall⁄ )0.25 34.9 11.7 47.8 5.8 
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Table 3-4. Literature correlations for single phase heat transfer in µPFHSs (Continued) 

 

Reference Remarks Single phase Nu number 

MAE (%) in µPFHS# 

1 2 3 4 

Qu and Siu-Ho 

[20] 

- Micro pin fin heat sink 

- Staggered square pin fin 

-Water  

ReDh ≤ 180, Hpin Dh⁄ = 3.35 

ST Dh⁄ = SL Dh⁄ = 2 

NuDh = 0.0241ReDh
0.953Pr0.36(Pr Prwall⁄ )0.25 55.3 37.9 62.2 30.7 

Prasher et al. 

[12] 

- Micro pin fin heat sink 

- Staggered circular and square 

pin fin  

- Water 

2.48 < Hpin Dh⁄ < 2.8 

2.4 < ST Dh⁄ = SL Dh⁄ < 3.6 

NuDh
3

= 0.132 (
SL − Dh

Dh

)
−0.256

Re0.84 (
Prtest−fluid

Prwater

)
0.36

 

ReDh < 100 

47.9 4.9 49.3 13.3 

NuDh
3

= 0.281 (
SL − Dh

Dh

)
−0.63

Re0.73 (
Prtest−fluid

Prwater

)
0.36

 

ReDh > 100 

44.6 1.8 N/A2 11.7 
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Table 3-4. Literature correlations for single phase heat transfer in µPFHSs (Continued) 

 

Reference Remarks Single phase Nu number 

MAE (%) in µPFHS# 

1 2 3 4 

Brunschwiler 

et al. [2] 

- Micro pin fin heat sink 

- Staggered circular pin fin  

- Water 

Nuch
4,5 = 0.1012 (

H

Dh

)
0.444

Remax_ch
0.838 (

Prtest−fluid

Prwater

)
0.36

 

100 ≤ Remax_ch ≤ 1000  

1 < Hpin Dh⁄ < 2, ST Dh⁄ = SL Dh⁄ = 2 

33.2 5.0 28.8 22.3 

Present study 

- Micro pin fin heat sink 

- Staggered diamond pin fin  

- LN2 and PF5060 

NuDh,WOT =

                      0.007 (
𝐻

𝐷ℎ
)

−1.966

(
𝑆𝐿,𝑇

𝐷ℎ
)

3.187

𝑅𝑒𝐷ℎ
1.051𝑃𝑟0.641  

NuDh,WT = 0.086 (
𝐻

𝐷ℎ
)

0.627

𝑅𝑒𝐷ℎ
0.88  

12.8 12.4 13.3 11.6 

1 In the reference, the author explicitly recommended for in-line arrangement and didn’t advise any correlation for staggered tube banks. However Incropera 

et al. [19] cited this correlation as an applicable correlation for staggered arrangement. 

2 N/A: The experimental data was not in the specified 𝑅𝑒𝐷ℎ range.  

3 The authors’ correlation didn't have Pr correction but based on Zukauskas [10] work they used for comparing their experimental data with other literature. 

Hence the same approach was used here which helped in reducing the MAEs. 

4 The authors’ correlation didn't have Pr correction. Similar to the approach used for comparing to correlations of Prasher et al. [12], it was used for 

Brunschwiler et al. [2] correlation which resulted in reducing the overall MAEs. 

5 Since the Nusselt number calculated from Brunschwiler et al. [2] correlation is based on heat sink hydraulic diameter (𝐷𝑐ℎ), to plot the data along with 

other correlations prediction against 𝑅𝑒𝐷ℎ, the 𝑁𝑢𝑐ℎ was converted to be based on 𝐷ℎ by multiplying to the ratio of 𝐷ℎ 𝐷𝑐ℎ⁄ .     
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Table 3-5. Values of parameters for the correlations developed for µPFHSs with and 

without transition  

 

𝑁𝑢𝐷ℎ Parameters 𝑎0 𝑎1 𝑎2 𝑎3 𝑎4 

Without (µPFHS2 & 4) or 

before transition (µPFHS1 & 3)  

𝑅𝑒𝐷ℎ < 𝑅𝑒𝐷ℎ,𝑐𝑟  

𝑝 − 𝑣𝑎𝑙𝑢𝑒 5.19E-15 5.98E-14 2.51E-19 2.35E-28 1.78E-16 

Coefficient 0.007 -1.966 3.187 1.051 0.641 

95% - CI 0.003 -2.352 2.735 0.958 0.534 

95% + CI 0.018 -1.580 3.638 1.144 0.748 

After transition 

(µPFHS1 & 3) 

 𝑅𝑒𝐷ℎ > 𝑅𝑒𝐷ℎ,𝑐𝑟  

𝑝 − 𝑣𝑎𝑙𝑢𝑒 1.50E-7 7.55E-4 __ 3.84E-19 __ 

Coefficient 0.086 0.627 __ 0.880 __ 

95% - CI 0.043 0.289 __ 0.804 __ 

95% + CI 0.176 0.964 __ 0.957 __ 

  

 

 

Table 3-6. Validation range of parameters used in the correlations  

 

Parameters 𝐻𝑝𝑖𝑛

𝐷ℎ

 
𝑆𝑇

𝐷ℎ

=
𝑆𝐿

𝐷ℎ

 
𝑅𝑒𝐷ℎ 𝑃𝑟 

Without or before transition  3.1-4.6 2.3-4.1 8-643 

1.9-12.2 

After transition 3.2-4.6 3.2-4.1 33-444 
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(a) 

 

(b) 

 

Figure 3-1 a) Assembly view of the test section, b) cross section of microchannel housing 
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Figure 3-2. Single phase test facility 
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Figure 3-3. Repeatability test of flow facility 
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(a) 

 

(b) 

Figure 3-4.  Pressure drop variation in micro pin fin arrays with a) Reynolds number 

based on pin fin hydraulic diameter- 𝑅𝑒𝐷ℎ b) Reynolds number based on hydraulic 

diameter calculated from minimum fluid cross section area within the pin fin arrays- 

𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛. 
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(a) 

 

(b) 

 

Figure 3-5 A zoomed in on the pressure drop results of all PFHSs in lower 𝑅𝑒𝐿𝑐−𝐴𝑚𝑖𝑛 

range 
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(a) 

 

(b) 

 

Figure 3-6. Comparison of friction factor with predictive correlations listed in Table 3-3 

for a) PFHS2 and b) PFHS1 
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(a) 

 

(b) 

 

Figure 3-7. Comparison of experimental Nu number in tested micro pin fin arrays a) 

plotted against 𝑅𝑒𝐷ℎ and b) recalculated based on 𝐷𝐿𝑐_𝐴𝑚𝑖𝑛 and plotted against 𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛 
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Figure 3-8. Comparison of heat transfer coefficient variation against pumping power in 

tested µPFHSs 
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(a) 

 

(b) 

 

Figure 3-9. Comparison of 𝑁𝑢𝐷ℎ with predictive correlations listed in Table 3-4 for a) 

PFHS2 and b) PFHS4 
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(a) 

 

(b) 

 

Figure 3-10. Comparison of 𝑁𝑢𝐷ℎ with predictive correlations listed in Table 3-4 for a) 

PFHS1 and b) PFHS3 
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 (a) 

 

(b) 

Figure 3-11. Comparison of Nusselt number variation against Reynolds number in 

PF5060 with LN2 single phase flow (data taken from [1]) in a) µPFHS2 & 4 and b) 

µPFHS1 & 3 
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(a) 

 

(b) 

Figure 3-12. Overall comparison of the proposed single phase Nu correlation with the 

experimental data in flow condition a) without/before transition b) after transition into 

unsteady vortex shedding



 

115 

 

 

CHAPTER 4  

 

Phase-change PF5060 Heat Transfer Characterization in Microscale Pin 

Fin Heat Sinks 

 

 

 

 

 

 

Erfan Rasouli and Vinod Narayanan 

 

 

 

 

 

 

 

 

 

 

I. J. Multiphase Flows  

ELSEVIER 

In preparation for submission 



 

116 

 

Abstract 

Subcooled and saturated flow boiling of Performance Fluid PF5060 through micro pin fin 

heat sinks (µPFHSs) with varied pitch and aspect ratios are investigated in this study. A 

total of four staggered diamond µPFHSs are split into two categories based on pin sizes of 

400 µm and 200 µm with respective aspect ratios of 3.1 and 4.2. In each size category the 

pitch ratio is varied. All heat sinks are tested in three constant mass fluxes of 30, 60, and 

100 𝑘𝑔 𝑚2. 𝑠⁄  with 12.5 ᵒC subcooling. The average heat flux ranges from 1.1 to 17.8 

𝑊 𝑐𝑚2⁄  based on the plan area of the heat sinks. Saturated inlet flow condition is also 

tested for the lowest mass flux of 30 𝑘𝑔 𝑚2. 𝑠⁄  to evaluate the effect of inlet subcooling on 

two-phase heat transfer coefficient trends. A discussion including high speed images is 

provided to explain the observed flow regimes. For both saturated and subcooled 

conditions and the range of mass fluxes, nucleate boiling heat transfer is the dominant 

mechanism for 𝑥𝑜𝑢𝑡 < 0.5; at higher qualities semi-annular film evaporation becomes 

dominant. The pitch and aspect ratios effects on two-phase heat transfer rate and 

hydrodynamic performance of pin fin arrays are compared under the same flow conditions. 

The phenomenon of vortex shedding observed in single phase flows in [1-2] on the 

identical µPFHSs of this study is investigated in flow boiling and its sub-effects on boiling 

curves are discussed. When nucleate boiling heat transfer is dominant, heat sinks with the 

presence of vortex shedding result in higher two-phase heat transfer coefficients. The 

unsteady flow flapping eliminates the wall temperature overshoot. To conclude, the 

experimentally determined heat transfer coefficients are compared with predicted values 

by available correlations in the literature. The correlations’ predictions are not in good 
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agreement with the experimental values and show a systematic deviation depending on the 

µPFHSs dimensions.    

 

 

Introduction 

The potential to make use of the latent heat of fluid and temperature uniformity have made 

phase change heat transfer an attractive subject for researchers. Several research groups 

performed comprehensive literature review and experiments in flow boiling through micro 

and mini-channles for example [3-5]. Lee and Mudawar [6] used several popular two phase 

viscosity models in homogenous model for calculating pressure drop of R134a in 231×713 

µm (Width×Depth) parallel microchannel on 25.3×25.3 mm copper surface, and found all 

models to underpredict their experimental data. However, the separated flow model 

correlations generally resulted in better predictions. Based on separated flow model, a new 

pressure drop multiplier was developed to reflect the effects of inertia, viscous, and surface 

tension forces in form of 𝑅𝑒 and 𝑊𝑒 numbers on the two phase pressure drop. Video 

imaging by the authors showed that in high heat fluxes, slug or annular flow was dominant 

regime in parallel microchannels. Nucleate boiling was only observed in 𝑥𝑒 < 0.05 

corresponding to very low heat fluxes which showed the highest heat transfer coefficients 

[7]; where in conventional channels, it is believed that thin film evaporation would result 

in the highest heat transfer rates [8]. Since the heat transfer mechanisms change with vapor 

quality, based on available water and R134a experimental data, correlations for low, 

medium (0.05 < 𝑥𝑒 < 0.55) and high quality were presented by the authors. In contrast, 

Agostini et al. [9] for flow boiling of R236fa reported the peak in heat transfer coefficient 
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curves versus quality occurred at 𝑥𝑒 ≈ 0.2. Their studied parallel microchannel was etched 

on silicon substrate with 223×680 µm (width×depth) and 20 mm length. For medium heat 

fluxes (60 < 𝑞" < 140 𝑊 𝑐𝑚2⁄ ), the authors reported that heat transfer coefficients along 

the channel were almost independent of the vapor quality and mass flux and were 

increasing with heat flux. This implied that nucleation boiling heat transfer mechanism was 

dominant.   

 

Utilizing the experimental data of flow boiling with FC-77 in 12 parallel microchannels 

with varying in width and depth from 100 to 5850 µm and 100 to 400 µm, respectively, 

Harirchian and Garimella [10] developed a comprehensive flow regime map consisting of 

four regions- bubbly, slug, confined annular, and alternating churn/annular/wispy-annular 

flow regimes. Observed through flow visualization, the authors reported that bubble 

diameter was affected by flow velocity and this had to be considered besides other 

confinement effects like channel size and fluid properties. The authors introduced a new 

number termed as convective confinement number, 𝐵𝑜0.5 × 𝑅𝑒 which together with phase 

change number, 𝑁𝑝𝑐ℎ = 𝐵𝑙
𝐿

𝐷ℎ

𝜌𝑙𝑣

𝜌𝑣
, as coordinates, can guide one to find the dominant flow 

regime in a microchannel. Boiling number (𝐵𝑙) relates the heat and mass flux (𝐵𝑙 =

𝑞" ℎ𝑙𝑣𝐺⁄ ) and Bond number (𝐵𝑜) is the ratio of gravitational body forces to surface tension 

forces (𝐵𝑜 = (𝑔(𝜌
𝑙

− 𝜌
𝑣
)𝐷2) 𝜎⁄ ). For each of the flow regimes, appropriate correlations 

were presented to take into account important non-dimensional numbers such 𝑅𝑒, 𝐶𝑎, 𝐵𝑜, 

and 𝐵𝑙 to quantify the local heat transfer coefficient as well as pressure drop.  

 



 

119 

 

Higher heat transfer coefficient and better flow distribution seen in single phase flows 

through micro pin fin heat sinks have made this geometry an interesting subject for flow 

boiling studies [11]. Honda and Wei [12] in their review of nine different microstructure-

based surface enhancement techniques of electronic components reported micro pin fins as 

the most effective enhancement method in increasing the critical heat flux. A summary of 

recent published literature concerning flow boiling heat transfer in micro pin fin heat sinks 

(µPFHSs), the subject of interest in this study, with the range of experimental conditions 

and the non-dimensional parameters which were studied is presented in Table 4-1. Since 

the fluid of interest in this study is PF5060 with identical thermophysical properties as of 

FC-72 which is a highly wetting fluid, like halogenated refrigerants such as R134a or R124, 

the reviewed literature in Table 4-1 focuses mainly on experimental studies of low surface 

tension fluids. 

 

Bubbly, wavy intermittent and spray-annular flow regimes were identified in R-123 

subcooled boiling experiments by Koşar and Peles [13]. Spray-annular regime was 

distinguished by thin liquid layers covering the periphery of the pin fins and the vapor 

phase with entrainment of liquid sprays in the flow streamlines. A hydrofoil-based µPFHS 

was tested over heat fluxes ranging from 19 to 312 𝑊 𝑐𝑚2⁄  and mass fluxes from 976 to 

2349 𝑘𝑔 𝑚2. 𝑠⁄ . The boiling number, 𝐵𝑙, was found as a helpful parameter to detect the 

boiling mechanism. The Lee and Mudawar [7] correlation for phase change heat transfer 

coefficient specified for medium quality (0.05 < 𝑥𝑒 < 0.55) with fully developed 

assumption could predict the micro pin fin ℎ𝑇𝑃 with an acceptable MAE of 29.8%. 
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However the correlation trend didn’t follow that of experiments. Also the heat transfer 

coefficient peak occurred in exit quality, 𝑥𝑜𝑢𝑡, range of 0.2-0.4.  

 

Saturated FC-72 boiling heat transfer of two silicon in-line square micro pin fin heat sinks 

with 100 and 200 µm pin fin side width and 70 µm height with 𝑆𝑇 𝑜𝑟 𝐿 𝐷ℎ⁄ = 2 were 

compared by Lie et al. [14] with a smooth channel (microgap) with the same plan form 

heating area. Addition of pin fins in both single phase and phase change flow enhanced the 

heat transfer compare to smooth surface. Also the heat sink with 100 µm pin fin size 

showed higher heat transfer than the one with 200 µm pin fins. Based on the published 

trends, at a fixed heat and mass flux adding pin fins in comparison to smooth surface 

resulted in a decrease in departing bubble diameters and increased the departure frequency. 

At the same mass flux the bubble size comparison between smooth channel and the heat 

sink with 200µm pin fins showed that even if the heat flux was 1.5 times that of smooth 

channel, the bubble diameter was still smaller in the pin fin array. The authors pointed out 

that pin fins helped to keep the flow regime more close to bubbly flow.  In terms of pin fin 

size effect on bubble diameter, larger bubbles were observed in the smaller pin fin array 

under similar boiling condition. In a follow-on study, the same effect of pin fins on the 

bubble diameter and departure frequency was recorded by Chang et al. [15] in subcooled 

FC-72 flow boiling. Based on the work of Lee and Mudawar [7], increase in the bubble 

diameter results in decrease in the heat performance of the heat sink. However in the range 

of tested heat fluxes (1-10 𝑊/𝑐𝑚2), for all test articles the ℎ𝑡𝑝 showed monotonically 

increasing trend against heat flux [14].  
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In contrast, Cognata et al. [16] reported decreasing trend for ℎ𝑇𝑃 of R-11 flow boiling  in 

lower quality range and a plateau in higher exit qualities where the entire range of 

experiments’ exit quality was within 0.03 < 𝑥𝑜𝑢𝑡 < 0.4 (similar to the general trend 

reported by Lee and Mudawar [7]). The experiments carried out in a silicon in-line square 

micro pin fin array consisting of pin fins each with 150 µm side width separated by 50µm 

wide flow passages. Flow visualization using a high speed camera with a frame rate of 5 

kHz showed nucleation near the entrance, slug vapor fronts in the middle and annular 

regime dominant in the downstream section of the heat sink. Flow instabilities were not 

observed for the range of tested heat fluxes. Experiments by Zhuan and Wang [17] where 

flow boiling of subcooled R134a was tested in an in-line rectangle pin fin array of 

1.5 𝑚𝑚 × 3.5 𝑚𝑚 (width×length) with 150 µm height. Low mass fluxes ranging from 10 

to 35 𝑘𝑔 𝑚2⁄ . 𝑠 were tested in heat flux range of 0.15-2.5 𝑊 𝑐𝑚2⁄ . Plotting ℎ𝑡𝑝 against 

vapor quality showed the similar trends as of [9] and [13] with a peak at  0.1 < 𝑥𝑒 < 0.15. 

The authors divided the observed ℎ𝑡𝑝 trends into two regions. In the first region the heat 

transfer was dominated simultaneously by single phase convection, nucleate boiling, and 

thin-liquid film evaporation; and the ℎ𝑡𝑝 significantly increased with heat flux, and slightly 

increased with mass flux. In the second region, the flow was semi-annular and the ℎ𝑡𝑝 was 

independent of heat flux. Appropriate correlations for ℎ𝑡𝑝 were developed for each region. 

A flow boiling regime map was developed using 𝑅𝑒, 𝐵𝑙,  and 𝐽𝑎 numbers. 

 

The two phase heat transfer coefficient variation with exit quality for saturated flow boiling 

of refrigerant R134a in µPFHS in transient and steady state conditions was studied by 
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David et al. [18]. The micro pin fin heat sink was fabricated on copper substrate with 

10.8 × 10.8 𝑚𝑚2 foot print area. The diamond shape pin fins had 350 μm side width and 

1 mm height with identical pitch ratios on both transverse of longitudinal of 2.8 and were 

arranged in staggered configuration to the flow direction. For mass flux range of 230-380 

𝑘𝑔 𝑚2. 𝑠⁄  and heat flux range of 30-170 𝑊 𝑐𝑚2⁄ , the exit quality varied from 0.2 to 0.75. 

The ℎ𝑡𝑝 showed significant dependence on refrigerant quality, with increasing trend at 

lower 𝑥𝑜𝑢𝑡, a peak at 𝑥𝑜𝑢𝑡 ≅ 0.55 and decreasing trend for higher vapor qualities. The 

observed ℎ𝑡𝑝 trend is in agreement with the findings of other studies like [9], [13], and 

[17]. However each study shows different exit quality value associated to the peak of heat 

transfer coefficient. To the authors’ best knowledge physical insight into these differences 

are not reported in literature.  

 

McNeil et al. [19] compared the subcooled flow boiling heat transfer performance of R113 

in a plain channel of 1 mm height with an in-line square mini pin fin heat sink of the same 

foot print area with pin fins of 1 mm side width and 1 mm height with 2 mm pitch identical 

in both directions. The mass flux in experiments ranged between 50-250 𝑘𝑔 𝑚2. 𝑠⁄   while 

the heat flux ranged from 5 to 140 𝑊 𝑐𝑚2⁄ . The ℎ𝑡𝑝 for pin fin array was higher than plain 

surface with trade off about 7 times higher pressure drop (∆𝑃𝑡𝑝). The predictions of 

conventional size tube bundle correlations for ℎ𝑡𝑝 was in agreement with experimental data 

only at lower vapor qualities. The ∆𝑃𝑡𝑝 was in reasonable agreement with the tube bundle 

correlations. The same mini pin fin heat sink was tested in subcooled flow boiling of water 

by McNeil et al. [20] for mass flux and heat flux range of 40-200 𝑘𝑔 𝑚2. 𝑠⁄  and 30-470 
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𝑊 𝑐𝑚2⁄  respectively. The overall increasing trend was reported by the authors for ℎ𝑡𝑝 of 

water against base heat flux similar to the trends observed in R113 flow boiling.  

 

Reeser et al. [21] conducted a recent study of flow boiling heat transfer of low subcooled 

DI-water and HFE-7200 (∆𝑇𝑠𝑢𝑏 ≅ 5℃) in in-line and staggered µPFHSs. The in-line 

µPFHS had square pin fins of 153 µm side width and height of 305 µm on a plan area of 

0.6 cm width by 2.88 cm length.  The staggered pin fin array had identical foot print area 

and the same pin fin size but with 45ᵒ rotation in pin fins generating diamond shape pin 

fins to the flow direction. Mass flux range for DI-water and HFE-7200 ranged respectively 

from 400 to 1300 𝑘𝑔 𝑚2. 𝑠⁄  and 200 to 600 𝑘𝑔 𝑚2. 𝑠⁄ . With the goal of investigating the 

heat transfer performance of heat sinks at high exit vapor qualities the heat flux varied from 

27 to 118 𝑊 𝑐𝑚2⁄  and 1 to 36 𝑊 𝑐𝑚2⁄  respectively for DI-water and HFE-7200. The ℎ𝑡𝑝 

behavior of water and HFE-7200 showed significant difference within tested 𝑥𝑜𝑢𝑡. The ℎ𝑡𝑝 

vs 𝑥𝑜𝑢𝑡 followed an increasing trend for water. This is in contradiction with the water flow 

boiling study by Qu and Siu-Ho [22] in a staggered square µPFHS where a decreasing 

trend was observed for the entire range of exit quality (0.01 < 𝑥𝑜𝑢𝑡 < 0.27). Reeser et al. 

[21] reported a decreasing-plateau-decreasing trend (called “M” shaped curve by the 

authors) for HFE-7200. The experiments did not include flow visualization. The authors 

interpreted observing the peak of ℎ𝑡𝑝 at very low qualities (𝑥𝑜𝑢𝑡 ≈ 0.01) because of 

initiation of nucleate boiling which happened at incrementally positive flow qualities and 

caused a steep increase from single phase values. To describe the ℎ𝑡𝑝 trend in higher 

qualities, the authors explained that the follow-on transition into slug flow decreased the 
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ℎ𝑡𝑝 and onset of annular flow marked by thin film evaporation resulted in a plateau. At 

higher qualities, the widespread local dry out of liquid film would result in decreasing ℎ𝑡𝑝. 

The authors suggested a modification on the correlation presented by Krishnamurthy and 

Peles [23] for ℎ𝑡𝑝 to minimize the MAEs of predicted values in compare with their 

experimental data.        

 

Amongst the published literature on phase change study in micro pin fin heat sinks, the 

effects of pitch ratio on the bubble dynamics and phase change heat transfer is not clear. 

Given the clear enhancements observed for certain pitch ratio designs of PFHSs in Chapters 

2 and 3, the goal of this study is to clarify whether additional changes to the pressure drop 

and heat transfer coefficient upon the introduction of the unsteady vortex shedding. The 

intermittent disruption in the flow path by micro pin fins in staggered arrays could 

potentially enhance the importance of viscous and surface tension forces over inertial 

forces in certain regions of the heat sink (for example, in the wake of the pins). Further 

flow visualization seems essential to understand bubble formation on the pin fins surface 

while wake zone behind the front pin and endwall effects are influencing on the bubble 

ebullition. Following to single phase studies published in [1-2] on four staggered 

microscale pin fin arrays, the identical µPFHSs are studied in subcooled and saturated 

convective flow boiling of Performance Fluid PF5060. So the pitch and aspect ratios effects 

in the same flow condition can be compared on net two-phase pressure drop and heat 

transfer. Two of µPFHSs have coarser pin fin arrangement which result in less number of 

pin fins but they are expected to have smaller pressure drop in addition of providing more 

space for the wake behind the pin fins to be developed. The latter may result in interesting 
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interaction with bubble ebullition that is on the focus of this study. Also the two phase heat 

transfer coefficients of studied µPFHSs are compared against the prediction of pertinent 

correlations available in the literature.   

 

 

Experimental Facility and Procedures 

Micro pin fin heat sink  

The details of tested µPFHSs fabricated out of Al6061 substrate were already discussed in 

[1-2]. Table 4-2 summarizes the geometric parameters of tested micro pin fin arrays. As is 

shown in Figure 4-1, two holes were drilled into the body of the test articles for insertion 

of T-type standard limit error (SLE) thermocouples. The first hole was spaced 5 mm away 

from the left edge and with 10 mm distance the second hole was positioned. Two phase 

heat transfer coefficient as well as mass quality could be calculated at two locations along 

the heat sink (5 and 15 mm downstream distance from the entrance) based on the 

measurements of these two thermocouples. Depending on having subcooled or saturated 

flow at these locations, appropriate approaches will be employed for calculating heat 

transfer coefficients. The calculations’ details will be discussed in data reduction section. 

 

Test section assembly 

An exploded view of the test section assembly that houses the microchannel heat sink is 

shown in Figure 4-2a while a cross section of the heat sink housing is depicted in 

Figure 4-2b. Readers are referred to previous work by the authors on single phase flow and 
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heat transfer [2] for the details on the test section. The opening on the polycarbonate header 

which housed a sapphire window could facilitate the high speed imaging in the middle of 

experiments. The heat flux meter (HFM) had three holes spaced at an axial distance of 

15mm to measure the conducted heat flux. The body material of HFM that was used in 

single phase experiments [2] was machined out of SS316 having a certificate of alloy 

composition for precise heat flux measurement. In order to achieve higher heat fluxes 

during phase change tests while maintaining the test section body temperature within the 

material allowable working temperature limit, the SS316 HFM was replaced with an 

identical heat flux meter that was made out of Al6061 with certificate of alloy composition. 

Having thermal conductivity more than 11 times higher than SS316, the aluminum HFM 

was able to maintain the measured temperature of the top thermocouple to less than 120 ᵒC 

while providing heat fluxes as high as 17.8 𝑊 𝑐𝑚2⁄ . The interface between heat flux meter 

and the heat sink shown in Figure 4-2b was smeared with copper-based thermal paste to 

eliminate interface thermal resistance. All test section was covered by two layers of 

TREO™ thermal insulation with 𝑘 = 0.06 𝑊 𝑚. 𝐾⁄  𝑎𝑡 260℃ to prevent heat loss. During 

global data collection, the entire test section header, including the opening for HS imaging 

were covered with insulation to prevent interference on the µPFHSs’ surface temperature 

measurement because of heat loss to surrounding. The heat gain in the plenums which in 

single phase experiments [2] was quantified by the measurement of two thermocouples 

located flush with the side wall of the inlet and exit plena was used for correcting the bulk 

temperature at the inlet of tested µPFHSs, 𝑇𝑖𝑛. The heat gain at the inlet plenum in a non-

dimensional form as Nusselt number was correlated against Reynolds number in single 

phase experiments [2]. The developed correlation which was specific for each µPFHS was 
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used with phase change test’s Reynolds number to quantify the heat gain and consequently 

correcting the 𝑇𝑖𝑛 (see appendix B for further details).     

 

Flow facility 

A schematic of the flow boiling test loop is shown in Figure 4-3a. The facility fluidic 

components in convective flow boiling experiments were the same as single phase testing 

which were already described in detail in [2]. However there were few modifications to the 

set-up which are described in this section. In order to visualize the bubble dynamics and 

dominant flow patterns during the convective flow boiling experiments, a Phantom V310 

(Vision Research) high speed camera capable of recording 1280 × 800 𝑝𝑖𝑥𝑒𝑙2 images at 

3250 fps was added to the set up. As it is shown in Figure 4-3a, the camera was positioned 

horizontally looking at a 20 mm-45ᵒ optical prism to capture  images through the sapphire 

window located on top of µPFHS (see test section assembly in Figure 4-2a). For close-up 

imaging of the micro pin fins, the HS camera was used in conjunction with an Infinity 

Optics K2/SC microscope lens shown in Figure 4-3b with CF-3 objective. The image size 

used for recording the images with CF-3 object was 512 × 512 𝑝𝑖𝑥𝑒𝑙2 with a field of view 

of 4.54 × 4.54 𝑚𝑚2. A custom made 12.7 × 12.7𝑐𝑚2 circuit board array of 625 white 

LEDs each of 17,000 mcd intensity was located on top of the test section for field 

illumination. In order to control the inlet subcooling, a two-foot long trace heating cable 

with maximum power of 104 W which was powered with a DC power supply, was wrapped 

around the SS316 fluidic line in the upstream of the test section. Two thermocouples were 

installed on the trace heater surface to monitor the real time heater temperature in order to 

prevent boiling upstream of the heat sink or heater burn out. The insulation covered the 
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header during global data collection was detachable. So during the saturation boiling tests 

visual observation through the opening on the header which was designed sufficiently big 

to cover part of inlet plenum confirmed a liquid entry to the test article. A copper coil 

installed inside in the upper section of the fluid reservoir (see Figure 4-3c), in parallel with 

a Graham reflux condenser located on top of the reservoir, were used throughout the boiling 

experiments to condense back accumulated PF-5060 vapor using chiller coolant flow. The 

temperature of coolant flow into the condensers was regulated by a recirculating chiller 

(Thermo Scientific NESLAB ThermoFlex™ 5000). The pressure drop across the µPFHSs 

would increase significantly with increase in mass quality as a result of increase in input 

heat flux. In order to keep uncertainty in pressure drop measurement low, two Validyne 

differential pressure transducers were calibrated and installed in parallel for low and high 

pressure loss ranges of 0 − 2500 𝑃𝑎 and 0 − 9500 𝑃𝑎 respectively, see Figure 4-3d. For 

pressure drop below 2500 Pa, the measurement of low range transducer was used for 

reducing the data.  

 

Test procedure 

As mentioned by the authors in the previous work [2], the high solubility of air in PF-5060 

resulted in bubble ebullition in near atmospheric-pressure flows at wall temperatures much 

lower than saturation temperature (as low as 30-40 o C vs saturation temp of 56 ℃). In order 

to eliminate dissolved gasses, degassing of fluid was necessary. The degassing procedure 

was similar to that used for single phase experiments [2] except that it was continued 

throughout the experiments. During the experiments, the immersed cartridge heater power 

was reduced to half load after one hour working with full load during degassing prior to 
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the start of the experiment. Although all the fluidic lines were insulated with flexible foam 

rubber pipe insulation with outer diameter of 2 1/8 inch, depending on the test mass flux, 

notable drop in the fluid bulk temperature was observed from the reservoir to the inlet of 

test section. After setting the desired mass flux (30, 60, and 100 𝑘𝑔 𝑚2. 𝑠⁄  in this study), 

the trace heater at the upstream of test section described in flow facility section was used 

to adjust the fluid temperature. For subcooled experiments in all tested mass fluxes 

identical subcooling (∆𝑇𝑠𝑢𝑏 = 12.5 ᵒ𝐶) was provided at the inlet of µPFHSs. The variable 

speed gear pump (Micropump®) used in test loop was able to provide stable mass fluxes 

throughout each phase-change test. For each tested mass flux the electrical power supplied 

to the four cartridge heaters via a DC power supply was varied to increase applied heat flux 

from low values (~1.1 𝑊 𝑐𝑚2⁄ ) until the dryout. During experiments, dryout conditions 

were determined based on the heat sink’s surface temperature readings. In normal flow 

boiling condition, thermocouples inserted into the heat sink body read temperatures less 

than 65℃. In the presence of dryout conditions, thermocouples’ reading increased to more 

than 70℃ with rate of 0.4℃ per every 10𝑠. However depending on the heat performance 

of tested µPFHS and the set mass flux, dryout conditions could only be captured in some 

of experiments (those with lower mass fluxes); the maximum imposed heat flux was 

restricted for higher mass flux tests by the test section material allowable working 

temperature limit. Data of temperatures, absolute pressure and pressure drops and system 

mass flow rate were recorded with frequency of 4 Hz throughout the experiment. Steady 

state conditions were determined by noting stable readings of wall temperatures (typically 

< 0.15% change within a minute), differential pressure, as well as fluid inlet and exit 

temperatures. 
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Table 4-3 summarizes the operating conditions for each tested µPFHS in the present study. 

The intent was to compare the performance across heat sinks at a fixed inlet subcooling 

temperature (nominally held at ∆𝑇𝑠𝑢𝑏 = 12.5℃ ± 1℃). Mass flux in this study which is 

defined based on the minimum flow area within the pin fin heat sink (𝐴𝑚𝑖𝑛), varies in low 

range between 30 to 100 𝐾𝑔 𝑚2. 𝑠⁄ . In compare with literature listed in Table 4-1, only 

Zhuan and Wang [17] and McNeil et al. [19] and [20] performed boiling studies with low 

mass fluxes as low as this range. The subcooling of 12.5 ℃ in this study is in mid-range 

when compared with low subcoolings less than 10 ℃ in [15] and [21] and high subcooling 

greater than 20 ℃ in [22] and [24]. The flow visualization in µPFHSs was done for all 

three tested mass fluxes. At each mass flux, the flow boiling was visualized in three heat 

fluxes corresponding to the low, middle and high heat flux which was tested during the 

global data collection experiments. For each heat flux, the flow boiling in the entire heat 

sink as well as a zoom in on a field of view of 4.54 × 4.54 𝑚𝑚2 were visualized 

respectively with a macro lens and a microscope lens with CF-3 object. However the 

subcooling during flow visualization in 𝐺𝑚𝑎𝑥 = 30 𝑎𝑛𝑑 60 𝐾𝑔 𝑚2. 𝑠⁄  was respectively 

about 26 and 18℃ , different from the conditions set in global data collection experiments. 

 

 

Data Reduction and Uncertainty Analysis  

Data reduction in micro pin fin heat sink  

As mentioned earlier, 𝐺𝑚𝑎𝑥 in the Table 4-3 indicates the maximum mass flux (mass 

velocity) in the µPFHSs and is defined as, 
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𝐺𝑚𝑎𝑥 =
�̇�

𝐴𝑚𝑖𝑛
          (4-1) 

where Amin is the minimum transverse flow area which fluid experience by passing along 

the pin fins, 

𝐴𝑚𝑖𝑛 = 𝑊𝐻𝑝𝑖𝑛
(𝑆𝑇−√2𝐷ℎ)

𝑆𝑇
 𝑖𝑓 

𝑆𝑇+𝐷ℎ

2
< 𝑆𝐷        (4-2) 

𝐴𝑚𝑖𝑛 = 𝑊𝐻𝑝𝑖𝑛
2(𝑆𝐷−√2𝐷ℎ)

𝑆𝑇
 𝑖𝑓 

𝑆𝑇+𝐷ℎ

2
> 𝑆𝐷        (4-3)          

The factor of √2 is used because the pin fin of this study is in diamond shape based on the 

inlet flow direction. The hydraulic diameter for the pin fin is given as 

 𝐷ℎ =
4𝐴𝑝𝑖𝑛,𝑐𝑟𝑜𝑠𝑠

𝑃𝑝𝑖𝑛
= 4

𝑊𝑝𝑖𝑛×𝑊𝑝𝑖𝑛

2(𝑊𝑝𝑖𝑛+𝑊𝑝𝑖𝑛)
= 𝑊𝑝𝑖𝑛              (4-4)  

During the subcooled boiling experiments, the length of µPFHS can be divided into two 

regions- an upstream subcooled single-phase zone and downstream saturated boiling zone. 

The stream wise distance from the inlet of µPFHS where separates these two zones can be 

obtained from, 

𝑧0 =
𝑚𝑐𝑝,𝑙(𝑇𝑠𝑎𝑡,𝑧0−𝑇𝑖𝑛)

𝑞"𝐻𝐹𝑀𝑊
         (4-5) 

where 𝑇𝑠𝑎𝑡,𝑧0 is the saturation temperature at the location 𝑧0 obtained based on the local 

pressure of 𝑃𝑧0, 

𝑃𝑧0 = 𝑃𝑖𝑛 − ∆𝑃𝑠𝑢𝑏,𝑧0           (4-6)  

where 𝑃𝑖𝑛 is the absolute pressure at the inlet of µPFHS, and ∆𝑃𝑠𝑢𝑏,𝑧0 is the single phase 

pressure drop across the upstream subcooled zone (0 ≤ 𝑧 ≤ 𝑧0) from the inlet of µPFHS 

to 𝑧0. 𝑃𝑖𝑛 is found by subtracting inlet contraction pressure losses from 𝑃𝑝1,𝑖𝑛. Absolute 

pressure of deep plenum at the inlet side of heat sink, 𝑃𝑝1,𝑖𝑛, was obtained from the 

measurement of absolute pressure transducer at the inlet of test section, 
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𝑃𝑖𝑛 = 𝑃𝑝1,𝑖𝑛 − (∆𝑃𝑐1 + ∆𝑃𝑐2)        (4-7)  

where ∆Pc1 and ∆Pc2 are minor pressure loss components occurring at the inlet side while 

passing over the deep to shallow plenum and shallow plenum to the µPFHS. These 

components for incompressible viscous flows are determined [25] as follows, 

∆𝑃𝑐1 =
1

2
𝑣𝑙,𝑖𝑛(𝐺𝑝2

2 − 𝐺𝑝1
2 ) +

𝐾𝑐1

2
𝑣𝑙,𝑖𝑛𝐺𝑝2

2         (4-8) 

and 

∆𝑃𝑐2 =
1

2
𝑣𝑙,𝑖𝑛(𝐺𝑚𝑎𝑥

2 − 𝐺𝑝2
2 ) +

𝐾𝑐2

2
𝑣𝑙,𝑖𝑛𝐺𝑚𝑎𝑥

2        (4-9) 

The first term in Eqs. (4-8) and (4-9) represents acceleration pressure drop and the second 

is for abrupt area contraction. Subscripts p1 and p2 denote deep and shallow plena, 

respectively. It should be noted that maximum mass flux was used for calculating minor 

pressure losses related to the µPFHS. The specific volume used in Eqs. (4-8) and (4-9) 

were obtained based on bulk fluid temperature at the inlet of heat µPFHS, 𝑇𝑖𝑛. The pressure 

drop across the subcooled zone, ∆𝑃𝑠𝑢𝑏,𝑧0, is determined using the definition of friction 

factor used for µPFHSs, 

∆𝑃𝑠𝑢𝑏,𝑧0 = f𝑝𝑖𝑛,𝑠𝑢𝑏(𝑁𝑟𝑜𝑤,𝑠𝑢𝑏
𝑣𝑙,𝑠𝑢𝑏𝐺𝑚𝑎𝑥

2

2
)       (4-10) 

where 𝑁𝑟𝑜𝑤,𝑠𝑢𝑏 is the number of upstream pin rows in the subcooled zone, and f𝑝𝑖𝑛,𝑠𝑢𝑏 

represents the µPFHS’s single phase friction factor. From the single phase study by the 

authors [2] on the same µPFHSs as used in this study, through adiabatic pressure drop 

measurements, power of law form curve fit correlations were obtained for friction factor 

against Reynolds number, 

f𝑝𝑖𝑛,𝑠𝑢𝑏 = 𝑐𝑅𝑒𝐷ℎ
𝑚           (4-11) 
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The values of coefficient and power index for each µPFHS are listed in Table 4-4. It should 

be noted that the Eq. (4-11) and listed parameters values in Table 4-4 are only valid for 

tested µPFHSs and are not recommended for other geometries. 𝑅𝑒𝐷ℎ in Eq. (4-11) is based 

on the pin fin hydraulic diameter and can be obtained from, 

𝑅𝑒𝐷ℎ =
𝐺𝑚𝑎𝑥𝐷ℎ

𝜇𝑙,𝑠𝑢𝑏
          (4-12) 

where 𝜇𝑙,𝑠𝑢𝑏 is the viscosity of liquid phase obtained at the bulk fluid mean temperature in 

subcooled zone, i.e. 𝑇𝑠𝑢𝑏, 

𝑇𝑠𝑢𝑏 =
𝑇𝑖𝑛+𝑇𝑠𝑎𝑡,𝑧0

2
          (4-13) 

Once the 𝑧0 is obtained from Eq. (4-5), it can be determined whether each of two heat sink 

body temperature thermocouple locations 1 and 2 were in upstream single phase zone or 

the downstream saturated flow boiling zone. To calculate the heat transfer coefficient at 

each location, appropriate fluid reference temperatures were needed to be chosen. If 

location 1 was in upstream subcooled zone, in order to calculate the heat transfer coefficient 

at this location, bulk fluid temperature could have been determined from, 

𝑇𝑓,𝑙𝑜𝑐1 = 𝑇𝑖𝑛 +
𝑞"𝐻𝐹𝑀𝑊𝑧𝑙𝑜𝑐1

𝑚𝑐𝑝𝑙,𝑠𝑢𝑏
        (4-14) 

If based on 𝑧0 the location 2 was in saturated flow boiling zone (𝑧0 ≤ 𝑧𝑙𝑜𝑐2 ≤ 𝐿), the 

appropriate bulk fluid temperature at location 2, 𝑇𝑓,𝑙𝑜𝑐2, would be saturation fluid 

temperature evaluated at the corresponding local pressure, i.e. 𝑃𝑙𝑜𝑐2. With linear decreasing 

trend assumption for local pressure in the saturated flow boiling zone, the 𝑃𝑙𝑜𝑐2 can be 

calculated from, 

𝑃𝑙𝑜𝑐2 = 𝑃𝑧0 −
𝑃𝑧0−𝑃𝑜𝑢𝑡

𝐿−𝑧0
(𝑧𝑙𝑜𝑐2 − 𝑧0)        (4-15)  
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where 𝑃𝑜𝑢𝑡 represents the absolute pressure at the exit of µPFHS and can be estimated by 

adding the outlet expansion pressure recoveries while passing over µPFHS to shallow 

plenum and shallow to deep plenum to absolute pressure at the heat sink’s exit side deep 

plenum, 𝑃𝑝1,𝑜𝑢𝑡. As it is shown in Figure 4-2b, the pressure drop measurement ports were 

located in deep plenums on the inlet and exit side of heat sink. The measured pressure drop, 

∆𝑃𝑒𝑥𝑝, includes the components of minor pressure losses because of contractions and 

pressure recoveries because of expansions. Hence with using the measured values of 

absolute pressure at the inlet deep plenum and pressure drop, 𝑃𝑝1,𝑜𝑢𝑡 can be obtained from, 

𝑃𝑝1,𝑜𝑢𝑡 = 𝑃𝑝1,𝑖𝑛 − ∆𝑃𝑒𝑥𝑝         (4-16) 

 and  

𝑃𝑜𝑢𝑡 = 𝑃𝑝1,𝑜𝑢𝑡 − (∆𝑃𝑒1 + ∆𝑃𝑒2)        (4-17) 

where subscript ∆𝑃𝑒1 and ∆𝑃𝑒2 refer to pressure recoveries of flow passing across µPFHS 

to the shallow plenum and shallow to deep plenum, respectively, 

∆𝑃𝑒1 =
1

2
�̅�𝑜𝑢𝑡(𝐺𝑝2

2 − 𝐺𝑚𝑎𝑥
2 ) +

𝐾𝑒1

2
�̅�𝑜𝑢𝑡𝐺𝑚𝑎𝑥

2       (4-18)  

and 

∆𝑃𝑒2 =
1

2
�̅�𝑜𝑢𝑡(𝐺𝑝1

2 − 𝐺𝑝2
2 ) +

𝐾𝑒2

2
�̅�𝑜𝑢𝑡𝐺𝑝2

2        (4-19)  

Note that ∆𝑃𝑒1 and ∆𝑃𝑒2 have negative values because of being pressure recovery. �̅�𝑜𝑢𝑡 is 

weighted specific volume at the exit of heat sink and can be estimated from, 

�̅�𝑜𝑢𝑡 = 𝑣𝑙,𝑜𝑢𝑡 + 𝑥𝑜𝑢𝑡𝑣𝑙𝑣,𝑜𝑢𝑡         (4-20) 

where 𝑥𝑜𝑢𝑡 is the vapor quality at the exit of µPFHS and can be calculated from  

𝑥𝑜𝑢𝑡 =
𝑊𝐿𝑞"𝐻𝐹𝑀−�̇�𝑐𝑝,𝑠𝑢𝑏(𝑇𝑠𝑎𝑡,𝑧0−𝑇𝑖𝑛)

�̇�ℎ𝑙𝑣
       (4-21) 
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ℎ𝑙𝑣 is the heat of vaporization obtained at 𝑃𝑜𝑢𝑡. Contraction loss coefficients, Kc1 and Kc2 

in Eqs. (4-8) and (4-9), can be calculated from [26], 

 𝐾𝑐 ≈ 0.42 (1 −
𝐷ℎ_𝑠𝑚𝑎𝑙𝑙𝑒𝑟

2

𝐷ℎ_𝑙𝑎𝑟𝑔𝑒𝑟
2 )         (4-22)  

where Dh_smaller and Dh_larger, are hydraulic diameters associated respectively to smaller 

and larger cross sectional flow areas. A hydraulic diameter (DLc_Amin) based on Amin was 

utilized for estimating the sudden area change coefficients at the µPFHS section. The 

empirical formula of Eq. (4-22) is applicable to values of Dh_smaller/Dh_larger less than 

0.76. Similarly, for sudden expansion coefficients, Ke1 and Ke2, in Eqs. (4-18) and (4-19) 

following formula was utilized [26], 

𝐾𝑒 = − (1 −
𝐷ℎ_𝑠𝑚𝑎𝑙𝑙𝑒𝑟

2

𝐷ℎ_𝑙𝑎𝑟𝑔𝑒𝑟
2 )

2

         (4-23) 

The negative sign in Eq. (4-23) is a result of pressure recovery during flow expansion. Now 

that the criteria for quantifying the bulk fluid temperature at location 1 and 2 depending of 

being located in subcooled or saturated boiling zone has been described in detail, assuming 

a uniform heat flux boundary condition on the bottom side of the heat sink, the following 

energy balance can be written for a single micro pin fin and surrounding portion of the base 

surface as a unit cell at either locations,   

 𝑞"𝐻𝐹𝑀Acell = ℎ𝑡𝑝,𝑙𝑜𝑐1 𝑜𝑟 2[𝜂𝑝𝑖𝑛𝐴𝑝𝑖𝑛 + (𝐴𝑐𝑒𝑙𝑙 − 𝐴𝑝𝑖𝑛,𝑐𝑟𝑜𝑠𝑠)](𝑇𝑤𝑎𝑙𝑙,𝑙𝑜𝑐1 𝑜𝑟 2 − 𝑇𝑓,𝑙𝑜𝑐1 𝑜𝑟 2) 

   (4-24) 

where 𝐴𝑝𝑖𝑛,𝑐𝑟𝑜𝑠𝑠 is the pin fin cross section area, 𝑇𝑤𝑎𝑙𝑙,𝑙𝑜𝑐1 𝑜𝑟 2 is the extrapolated local 

surface temperature of the heat sink. The unit cell area (Acell) is calculated from, 

Acell = 𝑆𝐿 × 𝑆𝑇         (4-25) 

The wetted surface area of a single pin fin, Apin is defined as, 
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𝐴𝑝𝑖𝑛 = 𝑃𝑝𝑖𝑛,𝑐𝑟𝑜𝑠𝑠𝐻𝑝𝑖𝑛 = 4𝑊𝑝𝑖𝑛𝐻𝑝𝑖𝑛       (4-26) 

The fin efficiency, ηpin was estimated as  

𝜂𝑝𝑖𝑛 =
𝑡𝑎𝑛ℎ (𝑚𝐻𝑝𝑖𝑛)

𝑚𝐻𝑝𝑖𝑛
          (4-27) 

where 𝑚 represents the fin parameter, 

𝑚 = √
ℎ𝑙𝑜𝑐1 𝑜𝑟 2𝑃𝑝𝑖𝑛,𝑐𝑟𝑜𝑠𝑠

𝑘𝑝𝑖𝑛𝐴𝑝𝑖𝑛,𝑐𝑟𝑜𝑠𝑠
= 2√

ℎ𝑙𝑜𝑐1 𝑜𝑟 2

𝑘𝑝𝑖𝑛𝑊𝑝𝑖𝑛
       (4-28) 

The input heat flux to the heat sink was calculated by using Fourier's law for 1D heat 

conduction, based on the temperature readings of the upper two thermocouples embedded 

into the body of the heat flux meter.  

𝑞"𝐻𝐹𝑀 = 𝑘𝐻𝐹𝑀
∆𝑇𝑡𝑐

∆𝑦
         (4-29) 

where ∆𝑦 is the distance between the two adjacent thermocouple ports in the body of heat 

flux meter, (∆𝑦 = 15𝑚𝑚). The obtained heat fluxes from two bottom thermocouples 

showed between 5 to 12% deviation from those calculated based on the upper two 

thermocouples. Thermal conductivity of Al6061 heat flux meter, kHFM, was estimated 

based on the average body temperature at each measuring section. The local surface 

temperature, 𝑇𝑤𝑎𝑙𝑙,𝑙𝑜𝑐1 𝑜𝑟 2, was calculated based on the readings from the two 

thermocouples shown in Figure 4-1. The thermocouples’ measurements were extrapolated 

to the heat sink bottom wall by assuming 1D heat conduction,  

𝑇𝑤𝑎𝑙𝑙,𝑙𝑜𝑐1 𝑜𝑟 2 = 𝑇𝑡𝑐,𝑙𝑜𝑐1 𝑜𝑟 2 −
𝑞"𝐻𝐹𝑀∆𝑦𝑝𝑖𝑛 

𝑘𝑝𝑖𝑛
       (4-30) 

where ∆𝑦𝑝𝑖𝑛 is the distance of the thermocouples’ holes in the body of the heat sink from 

the base of pin fins. Once 𝑞"𝐻𝐹𝑀, 𝑇𝑤𝑎𝑙𝑙,𝑙𝑜𝑐1 𝑜𝑟 2, and 𝑇𝑓,𝑙𝑜𝑐1 𝑜𝑟 2 were obtained, equations 

(4-24), (4-27), and (4-28) were solved iteratively to obtain a converged value for heat 



 

137 

 

transfer coefficient at either locations, ℎ𝑡𝑝,𝑙𝑜𝑐1 𝑜𝑟 2. Engineering Equation Solver (EES, 

Fchart Inc.) was used to find the heat transfer coefficient using the above equations. The 

local thermodynamic vapor quality can also be quantified from, 

 𝑥𝑙𝑜𝑐1 𝑜𝑟 2 =
𝑊𝑞"𝐻𝐹𝑀(zloc1 or 2−z0)

�̇�ℎ𝑙𝑣,𝑙𝑜𝑐1 𝑜𝑟 2
        (4-31) 

where 𝑧𝑙𝑜𝑐1 𝑜𝑟 2 is the stream wise distance of thermocouple holes embedded in the body 

of heat sink from the front edge of first pin fin row which interacts with entrance fluid flow. 

The heat of vaporization, ℎ𝑙𝑣, is estimated at the corresponding local absolute pressure, 

𝑃𝑙𝑜𝑐1 𝑜𝑟 2. As mentioned earlier, the exit vapor quality can be calculated from Eq. (4-21); 

where the ℎ𝑙𝑣 needs to be estimated at 𝑃𝑜𝑢𝑡. Since the locations of two thermocouple 

representing the heat sink surface temperature are symmetric, an average value of the heat 

transfer coefficient then can be calculated as shown below, 

ℎ̅𝑡𝑝 =
1

2
(ℎ𝑡𝑝,𝑙𝑜𝑐1 + ℎ𝑡𝑝,𝑙𝑜𝑐2)         (4-32) 

The net phase change pressure drop also can be quantified from,  

∆𝑃𝑡𝑝 = 𝑃𝑧0 − 𝑃𝑜𝑢𝑡         (4-33) 

where absolute pressures at 𝑧0 and heat sink’s outlet obtained respectively from Eqs. (4-6) 

and (4-17). 

 

Uncertainty analysis 

All thermocouples, absolute pressure transducer, and differential pressure transducers were 

calibrated using a NIST-traceable hand held calibrator (Omega, PCL-1B) as a standard. 

The calibration error includes errors associated with the calibrator (bias error), the 

calibration precision error and the curve fit error. As it was described in flow facility 
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section, two Validyne differential pressure transducers were calibrated and installed in 

parallel for low and high pressure drop range of 0 − 2500 𝑃𝑎 and 0 − 9500 𝑃𝑎 

respectively, to minimize the uncertainty in ∆𝑃𝑡𝑝 and local pressure calculations. The 

Coriolis flowmeter (Micromotion® Elite® II) was factory calibrated. The representative 

errors in measured and determined variables are listed in Table 4-5. The Kline and 

McKlintock error propagation method [27] was used to determine uncertainties in the 

calculated parameters based on the bias and precision errors of the measured variables. 

Uncertainties in measured parameters were obtained by combining the measurement 

precision errors and the calibration errors in a root-sum-square manner. Propagation of 

errors was performed using Engineering Equation Solver (EES, Fchart Inc.). Maximum 

uncertainty in measured variables was propagated into the dependent variables using the 

appropriate equations discussed in data reduction section. 

 

Depending on tested mass and heat fluxes, the uncertainty of average heat transfer 

coefficient varied from large values to a minimum. The bias uncertainty in calibrated 

thermocouples had dominant role in increasing the calculated uncertainty of ℎ̅𝑡𝑝 (~89% 

of the contribution to ℎ̅𝑡𝑝 is based on this contributor). The lowest uncertainty values were 

obtained when system was working at the highest allowable heat flux. The minimum, 

average and maximum uncertainties in ℎ̅𝑡𝑝 for lowest tested mass flux of 30 𝑘𝑔 𝑚2. 𝑠⁄  were 

7.0, 18.1, and 36.9%, respectively. In order to ensure consistency of data collection using 

the facility and procedures, a replication test performed on PFHS4 by running phase 

change experiments of 𝐺𝑚𝑎𝑥 = 30 𝑘𝑔 𝑚2. 𝑠⁄  on two different days. Between these two 

tests, system fluid was drained, test section insulation was renewed and the degassing 
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process was repeated. The resultant heat transfer coefficient at location 1, ℎ𝑡𝑝,𝑙𝑜𝑐1, for range 

of tested heat flux and the associated boiling curve in two days are depicted respectively in 

Figure 4-4a and b. It can be seen that the second day heat transfer coefficients are within 

the uncertainty bars of the first day results. The agreement is better in lower heat fluxes 

when ℎ𝑡𝑝,𝑙𝑐1 is unchanged with increase in heat flux (corresponding to single phase flow) 

and also when it follows increasing trend with heat flux. The input power to the cartridge 

heaters could precisely be adjusted by the DC power supply. As mentioned earlier the inlet 

subcooling was controlled by the trace heater at the upstream of test section which the 

repetition of the exact inlet temperature at each heat flux was impossible. The inlet 

temperature comparison between the data points of the same heat flux showed temperature 

variation within ±0.43℃ which this can be the reason of the seen deviation between these 

two tests.  

 

 

Results and Discussion 

This section presents the experimental results on two-phase heat transfer coefficient and 

pressure drop in subcooled convective flow boiling through tested PFHSs at varied mass 

fluxes. A discussion including high speed images is provided to explain the observed flow 

regimes. The pitch and aspect ratios effects on two-phase heat transfer rate and 

hydrodynamic performance of pin fin arrays are compared under the same flow conditions. 

The phenomenon of vortex shedding in flow boiling and its consequence on boiling curves 

are discussed. Differences between subcooled and saturated flow boiling and its efficacy 
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on two-phase heat transfer trends is presented next followed by comparison of heat transfer 

coefficient data with predicted values by correlations in the literature. 

 

Subcooled boiling experimental results 

In subcooled flow boiling tests because of the relatively large ∆𝑇𝑠𝑢𝑏 of 12.5℃, single phase 

heat transfer condition was occurring through the entire µPFHSs for low values of heat 

fluxes. For a constant mass flux of 𝐺𝑚𝑎𝑥 = 30 𝑘𝑔 𝑚2. 𝑠⁄ , the variation of single phase heat 

transfer coefficient at location 1 against heat flux in tested µPFHSs before initiation of 

boiling at the exit is shown in Figure 4-5a. Based on 𝑅𝑒𝐷ℎ,𝑠𝑝 corresponding to 𝐺𝑚𝑎𝑥 =

30 𝑘𝑔 𝑚2. 𝑠⁄  at each µPFHSs, associated data points (for average heat transfer coefficient) 

from single phase study in [2] are also shown with green color symbols in Figure 4-5a. It 

can be seen that the results from variable 𝑅𝑒𝐷ℎ experiments in single phase study are in 

good agreement with constant 𝑅𝑒𝐷ℎ tests (constant 𝐺𝑚𝑎𝑥) in the current experiments. 

However the µPFHS4 data point shows deviation but still is within the error bars. It should 

be noted that in single phase experiments a SS316 heat flux meter was used which resulted 

in markedly decrease in the calculated uncertainty for heat transfer coefficients. As is 

shown in Figure 4-5a, while the ℎ𝑠𝑝,𝑙𝑜𝑐1 is almost independent of heat flux, the heat sinks 

with larger pitch ratio, i.e. µPFHS1 and 3 show better heat transfer performance than those 

of with the identical pin fins size and aspect ratio but smaller pitch ratio (denser pin fins). 

This counter-intuitive trends also were observed in other tested mass fluxes which are the 

results of vortex shedding in the wake region of pin fins in µPFHS1 and 3. Detailed 

discussion are presented in [1-2]. The variation of ℎ𝑠𝑝,𝑙𝑜𝑐1with heat flux at different mass 
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fluxes in µPFHS3 is illustrated in Figure 4-5b. The plot also includes the associated data 

points for average heat transfer coefficient from single phase study [2] which are shown by 

symbols with green outline color. It is clear that ℎ𝑠𝑝,𝑙𝑜𝑐1 is strongly dependent to the mass 

flux while remains unchanged with heat flux. The variation of ℎ𝑠𝑝 with mass flux can be 

better noticed by following the trend of data points taken from single phase study. This 

behavior is in accordance with the known heat transfer characteristic of single phase flows 

across micro pin fin arrays and conventional size tube banks as evidenced by correlating 

the Nusselt number with Reynolds number in the form of 𝑁𝑢 ∝ 𝑅𝑒𝐷ℎ
𝑚  with power index 

greater than zero [2], [13], [21] and [28].  

 

Average two-phase heat transfer coefficient of µPFHS3 versus heat flux for different mass 

fluxes is shown in Figure 4-6a. The increasing trend of ℎ̅𝑡𝑝 with heat flux can be seen in 

all mass fluxes. The rate of increase in heat transfer coefficient seems independent to 

variation of mass flux but significantly dependent to heat flux. This type of trend may 

suggest that dominant heat transfer mechanism is nucleate boiling. The same trends for ℎ̅𝑡𝑝 

was observed in the other tested µPFHSs which are not reported here for brevity. These 

trends are in accord with the findings of McNeil et al. [19]. The trends of ℎ̅𝑡𝑝 vs heat flux 

of R113 in an in-line square PFHS studied in [19] showed a behavior independent of mass 

flux while increasing with heat flux. The authors reported it as a characteristic of strong 

nucleate boiling component in the overall two-phase heat transfer coefficient. As is shown 

in Figure 4-6a at higher heat fluxes, the ℎ̅𝑡𝑝 of lower mass flux tests follow a decaying 

trend. Lee and Mudawar [7] already challenged the prior idea of a single heat transfer 
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mechanism (either nucleate boiling [29] or convective flow boiling [30]) in microchannels 

and showed that different mechanisms can exist in microchannel flow boiling depending 

on vapor quality. They suggested nucleate boiling for 𝑥 < 0.05 and annular film for 𝑥 >

0.55. This idea was supported later by [31] and [13]. The decreasing trend seen for  𝐺𝑚𝑎𝑥 =

30 and 60 𝑘𝑔 𝑚2. 𝑠⁄  in the present study may correspond to semi-annular flow boiling. 

The flow regime visualization results will be discussed later to shed light on the potential 

flow regimes and patterns for the studied micro pin fin arrays. The ℎ̅𝑡𝑝 shown in Figure 4-6a 

is plotted in Figure 4-6b against the calculated exit vapor quality, spanning the range of 

0.01-0.98. Within the range of exit quality, distinct variation in the trends can be seen. At 

the same exit vapor quality, higher mass flux results in higher heat transfer coefficient. 

Data for mass flux of 100 𝑘𝑔 𝑚2. 𝑠⁄  couldn’t be obtained at higher vapor qualities due to 

temperature limitations of the material of the test apparatus. Average heat transfer 

coefficient curves for 𝐺𝑚𝑎𝑥 = 30 and 60 𝑘𝑔 𝑚2. 𝑠⁄  show a peak at 𝑥𝑜𝑢𝑡 ≅ 0.5 which the 

increasing trend of ℎ̅𝑡𝑝 seen in lower exit qualities becomes decreasing for 𝑥𝑜𝑢𝑡 ≥ 0.5. The 

associated exit quality value to the peak of ℎ̅𝑡𝑝 is close to the 𝑥𝑜𝑢𝑡 ≅ 0.55 reported by 

David et al. [18] for R-134a flow boiling through a staggered diamond micro pin fin heat 

sink. With a difference in exit quality value associated to the peak ℎ̅𝑡𝑝, the overall 

increasing-decreasing trend seen for ℎ̅𝑡𝑝 vs 𝑥𝑜𝑢𝑡 is in agreement with the other studies on 

refrigerant flow boiling across micro pin fin arrays [9, 13, 17]. However, the experimental 

trends contradict decreasing trend seen in [16, 22] or plateau trend seen in [23].  The overall 

ℎ𝑡𝑝 trends along with range of experiments’ vapor quality reported in the literature for flow 

boiling through micro pin fin heat sinks are listed in Table 4-1 in the introduction section. 
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Based on general trends seen in literature for flow boiling in PFHSs (Table 4-1), when 

nucleate boiling heat transfer mechanism is dominant ℎ𝑡𝑝 is strongly dependent to the heat 

flux and weakly changes with mass flux. In nucleate boiling ℎ𝑡𝑝 has increasing trend with 

heat flux. Also when ℎ𝑡𝑝 is plotted against the vapor quality, the larger mass flux has higher 

heat transfer coefficient at a given quality. Flow regime is mostly bubbly with vapor slugs.  

Hence the ℎ𝑡𝑝 has been correlated in the form of, 

ℎ𝑡𝑝,𝑛𝑏 = 𝑐0𝑞"𝑐1          (4-34) 

where 𝑐0 and 𝑐1 are constants found from ℎ𝑡𝑝 vs 𝑞" plots [13, 19, 32]. However in 

convective boiling mechanism, ℎ𝑡𝑝 has decreasing or plateau trend against heat flux and is 

moderately or highly dependent to mass flux. When convective boiling mechanism is 

dominant, flow regime is mostly in semi-annular and vapor spray with entrainment of 

liquid droplets. Also the heat transfers through thin liquid film evaporation. Based on Carey 

[8] discussion, entrainment of liquid droplets together with film evaporation cause in the 

film thickness reduction. Although the existence of thinner film is helpful in decreasing the 

thermal resistance, in high heat fluxes eventually it can result in completely disappearance 

from the portion of pin fin heated surface wall and lead to the onset of partial dry out. At 

this low efficiency heat transfer mechanism, ℎ𝑡𝑝 is correlated directly with 𝑅𝑒𝑙𝑜 and vapor 

quality [13,17].  

 

It is important to note that the local heat transfer coefficients at location 1 and 2 exhibit 

significantly different trends from each other. At location 1, heat transferred through a 

combination of single phase convection and nucleation boiling. At location 1, the plateau 
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trend of heat transfer coefficient at low heat fluxes (seen in Figure 4-6c) shows that the 

single phase heat transfer component is dominant. This region corresponds to local 

thermodynamic vapor qualities (𝑥𝑙𝑜𝑐1) less than 0.1, see Figure 4-6d. It can be seen from 

Figure 4-6c that at a given heat flux the heat transfer value is larger for smaller mass flux. 

This behavior of ℎ𝑡𝑝,𝑙𝑜𝑐1 with mass flux is similar to the study of Bertsch et al. [33] where 

they reported marginally increase in the average heat transfer coefficient by decreasing 

mass flux for HFC-134a flow boiling through parallel microchannel heat sinks. Looking 

into the vapor quality at location 1 associated with a specific heat flux in tested mass fluxes 

in Figure 4-6d shows higher quality value for lower mass flux. Hence, at a specific heat 

flux < 6 𝑊/𝑐𝑚2 higher quality implies more nucleation sites and improved heat transfer. 

This can be interpreted as larger effect by heat flux on enhancing the heat transfer than 

mass flux which is a characteristic of nucleation boiling mechanism. At location 1, the ℎ𝑡𝑝 

curves versus local quality show a peak at 𝑥𝑙𝑜𝑐1 ≈ 0, see Figure 4-6d. At this condition, 

𝑥𝑙𝑜𝑐2 ≈ 0.35 (see Figure 4-6f) and 𝑥𝑜𝑢𝑡 ≈ 0.5 (see Figure 4-6b). It can be seen that the 

higher qualities toward the exit of heat sink which cause in semi-annular flows and 

eventually partial dryout could extend their effects toward the inlet and cause decreasing 

trends of ℎ𝑡𝑝 at lower local qualities. The trends at location 2 that was mostly in saturated 

boiling region was more similar to the ℎ̅𝑡𝑝, i.e. independent to mass flux and dependent to 

heat flux, compare Figure 4-6e with Figure 4-6a. 

 

Figure 4-7 includes the sequence of images of the flow boiling inside the µPFHS3 at the 

tested mass fluxes. Although the subcooling at the inlet of heat sink for mass fluxes of 30 

and 60 is different than that of used for collecting global data which was discussed earlier 
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but Figure 4-7 can be helpful in better understanding the flow patterns and potential 

mechanisms for two phase heat transfer at different mass fluxes. Bubble nucleation 

occurred at the exit and propagated upstream with increase in heat flux. At 𝐺𝑚𝑎𝑥 =

30 𝑘𝑔 𝑚2. 𝑠⁄  bubbles emerged at the stagnant recirculation zones behind the pin fins 

continued growing in size until they fill the diagonal space between the pin fins (𝑆𝐷), see 

Figure 4-7a for 𝑡 = 0𝑠. Qualitatively speaking, the inertia forces because of flow rate didn’t 

seem to be large enough to overcome surface tension forces to detach the pinned bubbles 

between the adjacent pin fins. Major forces acting on a slug within a µPFHS are pictured 

in Figure 4-8. With a sudden growth of vapor these scattered bubbles (seen in Figure 4-7a, 

𝑡 = 0𝑠) formed a large vapor slug which covered the area among several pin fins next to 

the nucleation site in all directions including upstream, see Figure 4-7a for 𝑡 = 115 𝑚𝑠. 

As it can be seen in Figure 4-7a up to 𝑡 = 230 𝑚𝑠 the vapor slug was still stagnant and 

continued growing in size. The existence of surface tension forces acting along the vapor–

liquid-solid interface (pinning), caused these vapor slugs to remain stationary. When the 

vapor slug cross section area in flow transverse direction grew beyond a certain limit, the 

inertia and shear forces could overcome the surface tension and ultimately were able to 

wash out the bulky slugs, Figure 4-7a at 𝑡 = 345 𝑚𝑠. The flow regimes modeled by 

McNeil et al. [20] is also in agreement with the observations seen in Figure 4-7 where the 

authors divided the flow boiling regimes of R113 and water through a pin fin array to single 

phase, growing slug, frozen slug and saturated flows regimes. This periodic nature was 

observed in all heat fluxes noting that the slugs’ formation initiated closer to the inlet of 

heat sink for higher heat fluxes. At the downstream close to the exit of heat sink the sheared 

departed slugs from upstream locations coalesced together and formed annular like flow 
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regime. Koşar and Peles [13], who visualized similar regions called this the spray-annular 

regime. At mass flux of 30 𝑘𝑔 𝑚2. 𝑠⁄  for time interval of 115 ≤ 𝑡 < 345 heat was removed 

mostly by thin film evaporation to the scattered slugs. It is believed that thin film 

evaporation would result in the highest heat transfer rates [8]. At heat fluxes associated to 

𝑥𝑜𝑢𝑡 > 0.5 an annular like flow which eventually at higher heat fluxes became a spray of 

vapor flow was seen at the exit of µPFHS.  

 

For mass flux of 60 and 100 𝑘𝑔 𝑚2. 𝑠⁄  the same slug formation was observed with some 

major differences. As shown in Figure 4-7b and c the slug growth direction is mostly 

stretched toward the downstream of the initial nucleation site because of increase in inertia 

forces at higher mass flux. Also based on the time tag of the sequence of images it is clear 

that slugs were detached and swept through the heat sink in quicker succession in larger 

mass flux. Comparing the slug departure frequency of mass flux of 30 and 60 𝑘𝑔 𝑚2. 𝑠⁄  

shows that with a two-folds increase in 𝐺𝑚𝑎𝑥, the frequency of slug formation increased 

about 5 times (3 Hz in compare with 14 Hz). However this frequency in 𝐺𝑚𝑎𝑥 =

100 𝑘𝑔 𝑚2. 𝑠⁄  when is compared with 60 𝑘𝑔 𝑚2. 𝑠⁄  shows close to a 2 times increase (14 

Hz in compare with 26 Hz).  

 

Since it was shown that the dominant heat transfer mechanism for all tested mass fluxes 

when 𝑥𝑜𝑢𝑡 < 0.5 is slug formation and consequent thin film evaporation into the slugs, 

now it can better understand the reason of seeing almost the same rate of increase in ℎ̅𝑡𝑝 

with heat flux for different mass fluxes shown in Figure 4-6a. However despite of 

observing the same slug type flow regime in the water subcooled flow boiling through a 
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circular staggered micro pin fin heat sink studied by Krishnamurthy and Peles [23], their 

reported ℎ̅𝑡𝑝 trends showed weak dependence to heat flux and moderately dependence to 

mass flux which led them to determine convective boiling as the dominant heat transfer 

mechanism.  

 

The variation of two phase pressure drop of µPFHS3 with heat flux for the tested mass 

fluxes is shown in Figure 4-9. The two phase pressure drop is calculated from Eq. (4-33) 

and it doesn’t include that of associated to the subcooled length i.e. for 0 ≤ 𝑧 ≤ 𝑧0.  Hence 

for smaller heat fluxes that correspond to single phase flow, the two phase pressure drop is 

not calculated and is assigned a value of zero. For all mass fluxes the ∆𝑃𝑡𝑝 monotonically 

increases with heat flux. The curves of  𝐺𝑚𝑎𝑥 = 30  𝑎𝑛𝑑 60 𝑘𝑔 𝑚2. 𝑠⁄  show a change in 

the slope at certain heat flux. Comparing with Figure 4-6a, one can see that the slope change 

occurs about the same heat flux that the ℎ̅𝑡𝑝 started decaying trend, i.e. at 𝑥𝑜𝑢𝑡 ≅ 0.5. Exit 

vapor qualities greater than 0.5 corresponds to semi-annular flow and spray of vapor at the 

exit of heat sink. As it can be seen in Figure 4-10, by increasing heat flux the length of heat 

sink located in such flow regime become larger. 

 

Micro pin fin heat sinks heat performance comparison during flow boiling 

The boiling curves of µPFHS1 and 2 at mass flux of 60 𝑘𝑔 𝑚2. 𝑠⁄  is illustrated in 

Figure 4-11a. The conventional approach was used for calculating wall superheat in x-axis 

which is based on the temperature difference between wall and fluid saturation 

temperature. Location 2 shown in the cross section view of the test section at Figure 4-2b 
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was selected for calculating ∆𝑇𝑠𝑢𝑝. It is known that the slope in a boiling curve represents 

the heat transfer coefficient magnitude, higher slope means higher ℎ. But it should be noted 

that in calculation of local heat transfer coefficient in Eq. (4-24) for 𝑥𝑙𝑜𝑐2 ≤ 0 the fluid 

temperature obtained from Eq. (4-14) was used. Hence for lower heat fluxes where there 

is a linear increasing trend in the heat flux versus ∆𝑇𝑠𝑢𝑝 which corresponds to single phase 

flow through µPFHSs, the curve’s slope is not presenting the actual ℎ. In Figure 4-11a for 

higher heat fluxes the slope of both curves become approximately the same for certain heat 

flux range and then heat flux in µPFHS1 increases with higher rate. In terms of µPFHS3 

and 4 at 𝐺𝑚𝑎𝑥 = 100 𝑘𝑔 𝑚2. 𝑠⁄ , after linear section associated to single phase both curves 

increase with about the same slope, see Figure 4-11b. The interesting feature that was 

observed by comparing the boiling curves of heat sinks with identical pin fin size and 

aspect ratio but varied in pitch ratio was existence of wall temperature overshoot up to 5 

ᵒC in the curves of the heat sinks with smaller pitch ratio which have more number of pin 

fins with denser arrangement. This phenomenon was observed at 𝐺𝑚𝑎𝑥 =

60 𝑎𝑛𝑑 100 𝑘𝑔 𝑚2. 𝑠⁄  in both pin fin size variations, i.e. heat sinks with pin fins of 200 

and 400 µm side width. The single phase experiments results through the heat sinks of this 

study for cryogenic flow and PF5060 fluids were discussed in [1] and [2], respectively. It 

was shown that µPFHS 1 and 3 despite of having coarser pin fin arrangement and smaller 

overall heated surface area respectively compare to µPFHS 2 and 4 exhibited better single 

phase heat transfer coefficients because of initiation of flow flapping (vortex shedding) in 

the wake region behind the pin fins  after a critical Reynolds number. The critical Reynolds 

number (𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛) based on a hydraulic diameter associated to minimum fluid cross 

section area within the heat sink (𝐷𝐿𝑐_𝐴𝑚𝑖𝑛) for µPFHS1 and 3 was respectively in the range 
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of 120 < 𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛 < 140 and 80 < 𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛 < 110 [2]. In µPFHS1 tests at 𝐺𝑚𝑎𝑥 =

60 𝑎𝑛𝑑 100 𝑘𝑔 𝑚2. 𝑠⁄  the average liquid only Reynolds number (𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛,𝑙𝑜) was about 

119 and 199, respectively; while for µPFHS3 it was 81 and 136. Hence one may conclude 

that the existence of vortex shedding in flow boiling helps to eliminate the wall temperature 

overshoot and expedite the flow boiling initiation without overheating and causing thermal 

destruction to the heat source underneath of heat sink which can be a chip or other 

electronic components.   

 

The variation of average two-phase heat transfer coefficient with exit vapor quality in 

µPFHS3 and 4 at 𝐺𝑚𝑎𝑥 = 30 𝑎𝑛𝑑 60 𝑘𝑔 𝑚2. 𝑠⁄  is compared respectively in Figure 4-12a 

and b. At mass flux of 30 𝑘𝑔 𝑚2. 𝑠⁄ , the 𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛,𝑙𝑜 in µPFHS3 is 42 which is smaller 

than the range at which the vortex shedding was initiated in single phase experiments [2]. 

In Figure 4-12a and b, at 𝑥𝑜𝑢𝑡 ≅ 0.3 the calculated length of subcooling (𝑧0) is about 6 mm 

for both heat sinks which means more than 30% of the heat sinks’ length still is affected 

by single phase flow. The single phase heat transfer superiority of µPFHS3 on µPFHS1 

within the entire range of tested Reynolds number shown in [1-2] continues in subcooled 

flow boiling at least until 𝑥𝑜𝑢𝑡 ≤ 0.3 at both mass fluxes. This is also valid for experiments 

at 𝐺𝑚𝑎𝑥 = 100 𝑘𝑔 𝑚2. 𝑠⁄ . However for higher exit qualities the heat sinks exhibit about 

the same heat transfer performance. As discussed in Figure 4-6, it can be seen from both 

plots in Figure 4-12 that µPFHS4 similar to µPFHS3 has a peak in the ℎ̅𝑡𝑝 at exit quality 

about 0.5. The comparison of heat flux associated to the peak ℎ̅𝑡𝑝 in µPFHS3 and 4 shows 

about 35% increase by using µPFHS3 in the heat flux value at which afterward the heat 
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transfer coefficient starts decaying trend. In terms of ℎ̅𝑡𝑝 trends vs 𝑥𝑜𝑢𝑡 in Figure 4-12a and 

b, no significant difference can be noticed between the mass fluxes corresponding to 

𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛,𝑙𝑜 smaller and within the range of critical Reynolds number in µPFHS3, except 

that based on earlier discussion in Figure 4-11 the occurrence of vortex shedding at 𝐺𝑚𝑎𝑥 =

60 𝑘𝑔 𝑚2. 𝑠⁄  and higher was effective in eliminating the wall temperature overshoot. So 

as a summary of above comparison, one can conclude that using a micro pin fin array 

benefiting from vortex shedding, not only remove wall temperature overshoot in the system 

but also will provide higher ℎ̅𝑡𝑝 at low exit vapor qualities where nucleate boiling is 

dominant. This facilitate efficient heat removal up to higher heat fluxes (35% enhancement 

in µPFHS3 compared to µPFHS3).    

 

The higher ℎ̅𝑡𝑝 was also observed for µPFHS1 in comparison with µPFHS2. The test 

section allowable working temperature limit prevented testing µPFHS1 at higher 𝑥𝑜𝑢𝑡 but 

for lowest tested mass flux, i.e. 𝐺𝑚𝑎𝑥 = 30 𝑘𝑔 𝑚2. 𝑠⁄ , µPFHS1 held its advantage even up 

to 𝑥𝑜𝑢𝑡 = 0.6.  The two-phase heat transfer coefficient in µPFHS1 and µPFHS3 which both 

showed vortex shedding phenomenon in single phase flows is compared in Figure 4-13a 

and b for 𝐺𝑚𝑎𝑥 = 30 𝑘𝑔 𝑚2. 𝑠⁄ . In the comparison of heat transfer performance of these 

two heat sinks which have about the same heated surface area (see Table 4-2) in single 

phase fluid flows of LN2 [1] and PF5060 [2], it was shown that µPFHS3 while showing 

higher pressure drop because of smaller 𝐷𝐿𝑐_𝐴𝑚𝑖𝑛 (~30% smaller) exhibited higher ℎ𝑠𝑝. 

For low heat fluxes in Figure 4-13a corresponding to very small values of 𝑥𝑜𝑢𝑡 in 

Figure 4-13b, still the superiority of µPFHS3 on µPFHS1 can be noticed. This is sensible 
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because of having large portion of heat sinks’ length under subcooling condition at these 

low heat fluxes. However in higher heat fluxes it is µPFHS1 that shows better performance 

and can remove large amount of heat fluxes even up to 10 𝑊 𝑐𝑚2⁄  without losing its heat 

transfer efficiency. It is unlike to what was observed in µPFHS3 which showed decreasing 

trend for ℎ̅𝑡𝑝 at heat flux about 6 𝑊 𝑐𝑚2⁄  corresponding to 𝑥𝑜𝑢𝑡 ≅ 0.5.  

 

To understand the reason of such behavior it is noteworthy to compare again the geometry 

of the heat sinks. Based on Table 4-2, both heat sinks have approximately identical heated 

surface area. The pin fin efficiency, 𝜂𝑝𝑖𝑛, calculated from Eq. (4-27) for saturated boiling 

zone in the experiments shown in Figure 4-13 varies in range of 0.86-0.95 and 0.89-0.95 

respectively for µPFHS1 and µPFHS3 which is very close to each other. As it can be seen 

in Table 4-2, the volume of fluid which µPFHS1 can contain is about 29% larger than that 

of in µPFHS3. So one may assume these two heat sinks as two plain heated surface of the 

same area with about the same heat flux that one is supposed to boil off larger volume of 

liquid. Hence at a constant heat flux the time required for µPFHS1 to vaporize the whole 

liquid volume is longer than µPFHS3. Therefore at 𝐺𝑚𝑎𝑥 = 30 𝑘𝑔 𝑚2. 𝑠⁄  for heat fluxes 

greater than 6 𝑊 𝑐𝑚2⁄ , the µPFHS3 can boil off the liquid volume sooner and result in 

dominancy of less efficient semi-annular film evaporation followed by some local dry out 

spots. As overall effect, this results in decreasing the µPFHS3’s heat transfer efficiency 

while still the µPFHS1 has more amount of liquid (hence smaller 𝑥) to keep nucleate 

boiling dominancy. The capability of higher heat removal also was observed in µPFHS2 

compared with µPFHS4 by having about 21% larger fluid volume capacity.       
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The variation of two-phase pressure drop of all tested µPFHSs with heat flux at 𝐺𝑚𝑎𝑥 =

60 𝑘𝑔 𝑚2. 𝑠⁄  is depicted in Figure 4-14a. It is known that two-phase pressure drop consists 

of frictional and accelerational components which both are function of vapor quality. Since 

increasing heat flux would result in increase in vapor quality, so it has direct effect on the 

two-phase pressure drop. As it is shown in Figure 4-14a, the Δ𝑃𝑡𝑝 in all heat sinks increases 

monotonically with increasing heat flux, though with different rates. It can be seen that in 

the heat sinks of identical pin fin size and aspect ratio at a constant heat flux, the heat sinks 

with smaller pitch ratio which corresponds to smaller 𝐷𝐿𝑐_𝐴𝑚𝑖𝑛 show higher pressure drop, 

i.e. µPFHS2 and 4. For example µPFHS3 can remove heat flux of 9 𝑊 𝑐𝑚2⁄  with only 

45% of observed pressure drop in µPFHS4. Also at the same heat flux the µPFHS1 resulted 

in 44% of pressure drop in µPFHS2; in compare with µPFHS3 the pressure drop in 

µPFHS1 was 56% lower. By plotting the pressure drop data shown in Figure 4-14a against 

associated exit vapor qualities in Figure 4-14b, one can see that the reason of seeing such 

significant differences in pressure drop is the difference in the corresponding exit quality 

as a consequence of variation in the thermal performance of each heat sink. It is clear that 

at 𝐺𝑚𝑎𝑥 = 60 𝑘𝑔 𝑚2. 𝑠⁄  for heat fluxes up to 9 𝑊 𝑐𝑚2⁄  in µPFHS1 (the last data point in 

its curve) the exit quality extends only up to 0.25 while it increases up to 0.44 and 0.39 

respectively for µPFHS2 and µPFHS3. So in addition to heat transfer wise (discussed in 

Figure 4-13), a better hydrodynamically performance can be seen for the µPFHS1 in 

comparison to other tested heat sinks.  
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Subcooled vs saturated flow boiling in micro pin fin heat sinks 

The variation of two-phase heat transfer coefficient with heat flux at mass flux of 

30 𝑘𝑔 𝑚2. 𝑠⁄  in subcooled and saturated flow boiling for µPFHS2 is illustrated in 

Figure 4-15a. The general variation trend of ℎ̅𝑡𝑝 with heat flux is similar in both flow 

boiling conditions. With similar trends observed for other tested µPFHSs, it seems that 

having saturated flow at the inlet only shifts the ℎ̅𝑡𝑝 − 𝑞"𝐻𝐹𝑀 curve associated to subcooled 

fluid toward the left (i.e. lower heat fluxes) without significant change in the trend. 

Meanwhile for a heat flux range before substituting the nucleate boiling mechanism 

dominancy with semi-annular evaporation boiling mechanism and initiation of partial dry 

outs, one can say that at a constant heat flux having ∆𝑇𝑠𝑢𝑏 = 0 at the inlet would result in 

higher ℎ̅𝑡𝑝. This is sensible because boiling starts all across the heat sink length with larger 

number of nucleation sites, whereas the existence of subcooling requires a portion of heat 

sink’s length to increase the fluid temperature to the saturation condition. However the 

subcooling helps to remove higher heat fluxes because of putting delay in transition to the 

less efficient semi-annular evaporation boiling mechanism. In case of µPFHS2 with 

𝐺𝑚𝑎𝑥 = 30 𝑘𝑔 𝑚2. 𝑠⁄ , as it is shown in Figure 4-15a the last data point in ∆𝑇𝑠𝑢𝑏 = 0 curve 

is associated to full dry out condition while at test with ∆𝑇𝑠𝑢𝑏 = 12.5℃, the heat sink was 

still able to remove heat fluxes even larger than 8 𝑊 𝑐𝑚2⁄ . The variation of ℎ̅𝑡𝑝 of two 

boiling conditions with exit vapor quality is depicted in Figure 4-15b. It seems this plot 

helps in removing the lag observed in ℎ̅𝑡𝑝 trend seen in both flow conditions at 

Figure 4-15a. It can be seen that at a constant exit quality, the two-phase heat transfer 

coefficient in both ∆𝑇𝑠𝑢𝑏 = 0 𝑎𝑛𝑑 12.5℃ has about the same value. 
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Comparison with predictive correlations  

Selected correlation for predicting the average two-phase heat transfer coefficient in the 

µPFHSs of this study are listed in Table 4-6. Correlations were chosen based on closest 

match in either working fluid or tested geometry. Hsu correlation which was taken from 

Koşar and Peles study [13] was developed for flow boiling across circular tube bundle with 

a mass flux range close to this study and other two correlations were developed based on 

flow boiling in micro pin fin heat sinks. Koşar and Peles [13] presented their empirical 

correlation in two parts each specified to a particular heat transfer mechanism, i.e. for 

nucleate boiling and annular film evaporation (which authors called it convective boiling); 

where the observed trends for ℎ𝑡𝑝 − 𝑞" are similar to this study. Krishnamurthy and Peles 

[23] correlations were recommended for two 𝑅𝑒𝐷ℎ,𝑙𝑜 range and the visualization 

observation reported by the authors was similar to the slug type boiling regime seen in this 

study. The variation of predicted-to-experimental heat transfer coefficient ratio for the 

listed correlations in Table 4-6 over the range of experiments’ exit vapor quality is shown 

in Figure 4-16. The experimental data of all tested mass fluxes in subcooled and saturated 

boiling were used for this comparison. It can be seen that ℎ̅𝑡𝑝 in each µPFHS was predicted 

with noticeable difference from the others. In Figure 4-16a, while Hsu correlation 

overpredicted the µPFHS1 in 𝑥𝑜𝑢𝑡 < 0.2, the results in µPFHS3 was underpredicted. In 

the mid-range of exit quality, µPFHS2 was predicted to some extent acceptable but 

µPFHS4 was entirely underpredicted. From Figure 4-16b it can be seen that the nucleation 

boiling part of Koşar and Peles [13] correlation significantly over predicted all µPFHSs 

wherein the convective boiling part which was associated to the decreasing trend of ℎ̅𝑡𝑝 at 
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𝑥𝑜𝑢𝑡 > 0.5 seen in lower mass fluxes could estimate the data quite well. Both 

Krishnamurthy and Peles [23] correlations’ prediction seem better than Hsu and Koşar and 

Peles [13] correlations especially in case of µPFHS3 but in overall they show systematic 

deviation from experimental data of each µPFHS (with 𝑀𝐴𝐸 > 30%). From Figure 4-16c 

and d, it is clear that for 0.2 < 𝑥𝑜𝑢𝑡 < 0.7 at a constant exit quality the ℎ̅𝑡𝑝 ratio in terms 

of magnitude decreases in a particular order, i.e. ℎ. 𝑟𝑎𝑡𝑖𝑜𝑃𝐹𝐻𝑆2 > ℎ. 𝑟𝑎𝑡𝑖𝑜𝑃𝐹𝐻𝑆3 >

ℎ. 𝑟𝑎𝑡𝑖𝑜𝑃𝐹𝐻𝑆1 > ℎ. 𝑟𝑎𝑡𝑖𝑜𝑃𝐹𝐻𝑆4. So there is a systematic deviation based on heat sink 

geometry that causes inability of existing correlations to predict the flow boiling heat 

transfer coefficient in micro pin fin heat sinks. Also it was shown that single phase heat 

transfer mechanisms propagate on ℎ̅𝑡𝑝 in subcooled flow boiling (see the discussion of 

Figure 4-12). The ℎ𝑠𝑝 is dependent to micro pin fins’ pitch and aspect ratios variation 

(shown in [2]). Hence one may conclude that existing correlations are inadequate in 

predicting two-phase heat transfer coefficient in micro pin fin heat sinks and maybe the pin 

fins’ dimensional parameters like pitch and aspect ratios variation need to be considered in 

developing new correlations. 

  

 

Conclusions 

Two-phase heat transfer performance of micro pin fin heat sinks with varied pitch and 

aspect ratios have been characterized in PF5060 (Performance Fluid) subcooled and 

saturated flow boiling. A total of four staggered diamond µPFHSs were split into two 

categories based on pin fin size. In each size category the pitch ratio was varied. The effects 
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of variation in mass flux on overall ℎ̅𝑡𝑝 trends with heat flux and vapor quality have been 

investigated at identical inlet subcooling condition. High speed images were presented to 

explain the observed flow regimes. The pitch and aspect ratios effects on two-phase heat 

transfer rate and pressure drop of pin fin arrays have been studied. The experimental ℎ𝑡𝑝 

have been compared with predicted values by available correlations in the literature. The 

findings can be summarized in following conclusions: 

- Heat transfer coefficient in all tested µPFHSs showed increasing trend with heat flux. 

Beyond a certain heat flux corresponding to 𝑥𝑜𝑢𝑡 ranging from 0.5 to 0.7 (depending on 

the geometry) the ℎ𝑡𝑝 followed a semi-plateau and decaying trend.  

- For both saturated and subcooled conditions and the range of tested mass fluxes, nucleate 

boiling heat transfer was the dominant mechanism for 𝑥𝑜𝑢𝑡 < 0.5. In nucleate boiling ℎ𝑡𝑝 

trend was independent to variation of mass flux but significantly dependent to heat flux. 

At higher qualities annular film evaporation became dominant which was strongly 

dependent to mass flux.  

- For all mass fluxes two phase pressure drop showed monotonically increasing trend with 

heat flux. Low mass flux tests showed a change in the slope at certain heat flux. The slope 

change occurred about the same heat flux that the ℎ̅𝑡𝑝 started decaying trend, i.e. at 𝑥𝑜𝑢𝑡 ≅

0.5, when annular flow and spray of vapor formed at the exit of heat sink. 

- By comparing the boiling curves of heat sinks with identical pin fin size and aspect ratio 

but varied in pitch ratio, it was observed that the curves of the heat sinks with smaller pitch 

ratio showed wall temperature overshoot up to 5 ᵒC. The unsteady flow flapping occurred 
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in the heat sinks of larger pitch ratio (discussed in [1-2]) eliminated the wall temperature 

overshoot. 

- When nucleate boiling heat transfer is dominant, heat sinks with the presence of vortex 

shedding resulted in higher two-phase heat transfer coefficients. The comparison of heat 

flux associated to the peak ℎ̅𝑡𝑝 in µPFHS3 and 4 showed about 35% increase by using 

µPFHS3 in the heat flux value at which flow boiling was transitioned into semi-annular 

thin film evaporation regime. 

- In the heat sinks of the same heated surface area, the one with larger fluid volume capacity 

could attain the nucleate boiling mechanism up to higher range of heat fluxes and caused 

delay in the transition into the less efficient annular thin film evaporation regime.  

- In the heat sinks of identical pin fin size and aspect ratio, at a given heat flux, the one 

with smaller pitch ratio showed higher pressure drop. At heat flux of 9 𝑊 𝑐𝑚2⁄ , the 

µPFHS3 showed only 45% of observed pressure drop in µPFHS4. Also at the same heat 

flux the µPFHS1 resulted in 44% of pressure drop in µPFHS2; in compare with µPFHS3 

the pressure drop in µPFHS1 was 56% lower.  So in addition to heat transfer wise, a better 

hydrodynamically performance could be seen for the µPFHS1 in comparison to other tested 

heat sinks. 

- The overall trends observed for ℎ𝑡𝑝 with heat flux and vapor quality didn’t change in 

saturation and subcooled boiling. At a given exit quality, the two-phase heat transfer 

coefficient in both ∆𝑇𝑠𝑢𝑏 = 0 𝑎𝑛𝑑 12.5℃ was about the same value. Fluid subcooling at 

the inlet helped in removing higher heat fluxes because of causing in delay in the 

occurrence of partial dry out.  



 

158 

 

- The correlations’ predictions were not in good agreement with the experimental values 

(𝑀𝐴𝐸 > 30%) and showed a systematic deviation depending on the µPFHSs dimensions. 

This implies a need for considering the pin fins dimensional parameters like pitch and 

aspect ratios variation in developing appropriate correlations for predicting ℎ𝑡𝑝.  

 

 

Nomenclature 

𝐴𝑐𝑒𝑙𝑙   Plan area surrounding a single pin fin (𝑚2) 

𝐴𝑚𝑖𝑛           Minimum flow area within the pin fin array (𝑚2) 

𝐴𝑝𝑖𝑛,𝑐𝑟𝑜𝑠𝑠  Pin fin cross section area (𝑚2) 

𝐴𝑝𝑖𝑛             Wetted surface area of a fin (𝑚2) 

𝑎1, 𝑎2, 𝑎3  Parameters in ℎ̅𝑡𝑝 correlation by [13] 

𝑏1, 𝑏2, 𝑏3  Constants in ℎ̅𝑡𝑝 correlation by [13] 

𝐵𝑙   Boiling number, =
𝑞"

ℎ𝑙𝑣𝐺
 

𝐵𝑜   Bond number, =
𝑔(𝜌𝑙−𝜌𝑣)𝐷2

𝜎
 

𝐶𝑎   Capillary number, =
𝜇𝑙𝐺

�̅�𝜎
 

𝐶𝑜   Confinement number, = (
𝜎

𝑔(𝜌𝑙−𝜌𝑣)
)

1
2⁄

𝐷ℎ⁄  

𝑐𝑝   Specific heat capacity (𝐽 𝑘𝑔. 𝐾⁄ ) 

𝐷   Diameter (𝑚) 

𝐷ℎ   Hydraulic diameter based on pin fin size (𝑚) 

𝐷ℎ_𝑠𝑚𝑎𝑙𝑙𝑒𝑟 , 𝐷ℎ_𝑙𝑎𝑟𝑔𝑒𝑟 Hydraulic diameters associated respectively to smaller and larger 

cross sectional flow areas 
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𝐷𝐿𝑐_𝐴𝑚𝑖𝑛       Heat sink hydraulic diameter calculated based on 𝐴𝑚𝑖𝑛 and 𝑃𝑚𝑖𝑛 (m)  

𝐹   Two-phase Reynolds number factor 

f   Friction factor 

𝐺   Mass flux (𝑘𝑔 𝑚2. 𝑠⁄ ) 

𝑔   Gravitational acceleration (𝑚 𝑠2⁄ ) 

ℎ    Heat transfer coefficient (𝑊 𝑚2𝐾⁄ ) 

ℎ𝑙𝑣   Enthalpy of vaporization (𝐽 𝑘𝑔⁄ ) 

𝐽𝑎    Jacob number = (𝑐𝑝(𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑠𝑎𝑡)) ℎ𝑙𝑣⁄  

𝐾1   Ratio of evaporation momentum force to flow inertia, = (
𝑞"

𝐺ℎ𝑙𝑣
)

2 𝜌𝑙

𝜌𝑣
 

𝐾2 Ratio of evaporation momentum force to surface tension force, =

(
𝑞"

ℎ𝑙𝑣
)

2 𝐷

𝜌𝑣𝜎
 

𝐿    Length of channel or heat sink (𝑚) 

𝑚 Power index for Reynolds number in Eq. (4-11) or a parameter in 

fin efficiency in Eq. (4-28) 

𝑁𝑝𝑐ℎ   Phase change number defined by [10], = 𝐵𝑙
𝐿

𝐷ℎ

𝜌𝑙𝑣

𝜌𝑣
 

𝑃   Pressure (𝑃𝑎) 

𝑃𝑚𝑖𝑛       Wetted perimeter associated to 𝐴𝑚𝑖𝑛 (m) 

𝑃𝑝𝑖𝑛,𝑐𝑟𝑜𝑠𝑠    Pin fin cross section perimeter (𝑚) 

∆𝑃𝑒𝑥𝑝     Measured pressure drop (𝑃𝑎) 

∆𝑃𝑐1, ∆𝑃𝑐2     Contraction pressure loss (𝑃𝑎) 

∆𝑃𝑒1, ∆𝑃𝑒2     Expansion pressure recoveries (𝑃𝑎) 

𝜇𝑃𝐹𝐻𝑆  Micro pin fin heat sink 

𝑞"   Heat flux (𝑊/𝑐𝑚2) 
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𝑞"𝑤 Heat flux based on the heat transfer surface area of the device 

(𝑊/𝑐𝑚2) 

𝑅𝑒   Reynolds number 

𝑅𝑒𝐷ℎ             Reynolds number based on 𝐷ℎ  

𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛     Reynolds number based on DLc_Amin 

𝑆   Suppression factor 

𝑇   Temperature (℃) 

𝑇𝑡𝑐          Thermocouple measured temperature (℃) 

∆𝑇𝑠𝑢𝑏   Subcooling temperature at the inlet of µPFHS (℃), = 𝑇𝑠𝑎𝑡,𝑖𝑛 − 𝑇𝑖𝑛 

∆𝑇𝑠𝑢𝑝   Wall superheat temperature (℃), = 𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑠𝑎𝑡 

𝑣   Specific volume (𝑚3 𝑘𝑔⁄ ) 

�̅�   Weighted specific volume (𝑚3 𝑘𝑔⁄ ), = 𝑣𝑙 + 𝑥𝑣𝑙𝑣 

W           Heat sink heated width (𝑚) 

Wpin       Pin fin side width (𝑚)   

𝑊𝑒   Weber number, =
𝐺2𝐷

�̅�𝜎
   

𝑥   Thermodynamic equilibrium vapor quality 

𝑋𝑜   Bubble growth parameter (𝑚) 

𝑋   Martinelli parameter 

∆y        Distance between thermocouples’ holes embedded into the body of 

heat flux meter (𝑚) 

∆ypin    Distance of thermocouples’ holes in the body of heat sink from the 

base of pin fins (𝑚) 

𝑧   Stream wise distance from the inlet of µPFHS (𝑚) 

𝑧0 Calculated streamwise length of subcooling zone from the inlet of 

µPFHS (𝑚) 
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GREEK SYMBOLS 

𝜌𝑙   Liquid phase density (𝑘𝑔/𝑚3) 

𝜌𝑣   Vapor phase density (𝑘𝑔/𝑚3) 

�̅�   Weighted density (𝑘𝑔/𝑚3), = [
𝑥

𝜌𝑣
+

1−𝑥

𝜌𝑙
]

−1
 

𝜎   Surface tension (𝑁 𝑚⁄ ) 

𝜙𝑙
2   Two-phase friction multiplier 

𝜙   Unspecified term 

𝜁   Adjustment parameter in ℎ̅𝑡𝑝 correlation by [23] 

SUBSCRIPTS 

𝑒𝑥𝑝    Experimental value 

𝐻𝐹𝑀    Heat flux meter 

𝑖𝑛   Inlet, Estimated at the inlet of 𝜇𝑃𝐹𝐻𝑆 

𝑙𝑜   Liquid only 

𝑙𝑜𝑐1 𝑜𝑟 𝑙𝑜𝑐2  Estimated base on measurement of thermocouple at location 1 or 2  

𝑙𝑣 Attributed to the difference between the values of a thermophysical 

property in liquid and vapor phases, = 𝜙𝑙 − 𝜙𝑣  

𝑛𝑏   Nucleation boiling 

𝑜𝑢𝑡   Outlet, Estimated at the exit of 𝜇𝑃𝐹𝐻𝑆 

𝑝1    Estimated at the deep plenum 

𝑝2    Estimated at the shallow plenum 

𝑝𝑖𝑛    Attributed to the pin fin array 

𝑝𝑟𝑒𝑑      Predicted value 

𝑠𝑎𝑡   Saturation, Estimated at saturation condition 

𝑠𝑢𝑏 Subcooled, Estimated at average bulk mean temperature in 

subcooled zone 
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𝑠𝑝   Attributed to the single phase (liquid phase) 

𝑡𝑝   Attributed to the phase change (two-phase) 

𝑣𝑣   Viscouse-viscouse 

𝑤𝑎𝑙𝑙   Estimated at the wall 
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Table 4-1. Prior experimental investigations on convective boiling through micro pin fin heat sinks in highly wetting fluids 
 

Author 

Microchannel 

geometry/Substrate 

material 

Fluid/Boiling 

condition 

𝐺 (𝑘𝑔 𝑚2. 𝑠) ⁄ ; 

𝑞" (𝑊 𝑐𝑚2)⁄  
Vapor quality range 

Studied parameter; 

Non-dimensional #s 
ℎ𝑡𝑝 overall trend / Results 

Koşar and 

Peles 

2007 [13] 

Staggered pin fin 

array 

(hydrofoil-based) / 

Silicon 

R-123 

Subcooled 

976-2349; 

19-312 

0 < 𝑥 < 1  

0.2 < 𝑥𝑝𝑒𝑎𝑘 < 0.4  

ℎ𝑡𝑝 ; CHF 

Re, Bl 

Increasing-Decreasing. 

A flow map was presented consisting of three 

boiling regions as of bubbly, wavy 

intermittent, and spray annular flows. 

Lie et al. 

2007 [14] 

In-line pin fin array 

(square) / Silicon  

FC-72 

Saturated 

287-431; 

0.1-10 
Not mentioned 

ℎ𝑡𝑝, bubble 

departure diameter 

and frequency; 

Re, Bl, Co  

Increasing. 

Adding the micro pin fins to the smooth 

heated surface was led to a decrease in bubble 

departure diameter and increase in frequency. 

In saturated boiling departing bubbles were 

found to be larger for the smaller pin fin size. 

Cognata et 

al. 2007 

[16] 

Staggered pin fin 

array (diamond) / 

Silicon 

R-11 

Subcooled 
141-494; 1-9 0.03 < 𝑥 < 0.37  

ℎ𝑡𝑝, HS 

photography 

Decreasing. 

Decreasing trend was reported for ℎ𝑡𝑝 with 

exit quality. Simultaneous nucleation region, 

slug vapor fronts, and annular regime was 

observed across the length of heat  

Chang et 

al. 2010 

[15] 

In-line pin fin array 

(square) / Silicon  

FC-72 

Subcooled 

287-431; 

1-10 
Not mentioned 

ℎ𝑡𝑝, bubble 

departure diameter 

and frequency; 

Re, Bl, Ja, Co  

Increasing. 

Empirical correlations were presented for 

average bubble departure diameter and 

frequency in subcooled boiling. It was 

concluded that adding micro pin fin structure, 

effectively increases the subcooled flow 

boiling heat transfer.  
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Table 4-1. Prior experimental investigations on convective boiling through micro pin fin heat sinks in highly wetting fluids 

(Continued) 

 

Author 

Microchannel 

geometry/Substrate 

material 

Fluid/Boiling 

condition 

𝐺 (𝑘𝑔 𝑚2. 𝑠) ⁄ ; 

𝑞" (𝑊 𝑐𝑚2)⁄  
Vapor quality range 

Studied parameter; 

Non-dimensional #s 
ℎ𝑡𝑝 overall trend / Results 

Krishnamurt

hy and Peles 

2010 [34]  

Pin fin array in 

parallel channels 

(circular) /  

Silicon 

HFE 7000 

Subcooled 

350-827;  

10-110 
0.06 < 𝑥 < 0.17  

bubble departure 𝐷 

and frequency ;  

Ja 

Plateau. 

3 boiling regimes, bubbly flow, multiple flows, 

and wavy annular flow were observed in the 

range of applied het flux.  

Onset of nucleate boiling was first observed on 

the rear side of pin fins.  

Zhuan and 

Wang 2013 

[17] 

In-line pin fin array 

(rectangle) / PEEK 

R134a 

Subcooled 

10-35;  

0.15-2.5 

0.02 < 𝑥 < 0.5  

𝑥𝑝𝑒𝑎𝑘 ≈ 0.1  

ℎ𝑡𝑝, subcooling at 

the inlet; Re, Bl, Ja 

Increasing-decreasing. 

The ℎ𝑡𝑝 was characterized in low mass fluxes 

and its trends were divided into the convective 

boiling and convective evaporation region.  

Appropriate correlations for ℎ𝑡𝑝 were developed 

for each region. A flow boiling regime map was 

developed using Re, Bl, Ja numbers. 

David et al. 

2014 [18] 

Staggered pin fin 

array (diamond) / 

Copper 

R134a 

Saturated 

230-380;  

30-170 

0.35 < 𝑥 < 0.75  

𝑥𝑝𝑒𝑎𝑘 ≈ 0.55  

ℎ𝑡𝑝, Transient 

surface temperature 

variation with 𝑞 

Increasing-decreasing. 

Utilizing IR thermography, It was shown that 

surface temperature distribution remained 

uniform (< 2℃) in the range of tested 𝑞.  

The ℎ𝑡𝑝 variation with 𝑥𝑜𝑢𝑡 in transient and 

steady state was studied and higher heat transfer 

coefficients was reported under transient 

conditions. 
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Table 4-1. Prior experimental investigations on convective boiling through micro pin fin heat sinks in highly wetting fluids 

(Continued) 

 

Author 

Microchannel 

geometry/Substrate 

material 

Fluid/Boiling 

condition 

𝐺 (𝑘𝑔 𝑚2. 𝑠) ⁄ ; 

𝑞" (𝑊 𝑐𝑚2)⁄  

Vapor quality 

range 

Studied parameter; 

Non-dimensional #s 
ℎ𝑡𝑝 overall trend / Results 

McNeil et al. 

2010 and 2014 

[19] and [20] 

Plain channel and 

In-line pin fin array 

(square) / Copper 

R113 

Subcooled 

50-250;  

5-140 
Not mentioned ∆𝑃𝑡𝑝, ℎ𝑡𝑝 

Increasing. 

The ℎ𝑡𝑝 for pin fin array was higher than plain 

surface with trade off about 7 times higher ∆𝑃𝑡𝑝.  

The predictions of conventional size tube bundle 

correlations for ℎ𝑡𝑝 was in agreement with 

experimental data only at lower vapor qualities. 

The ∆𝑃𝑡𝑝 was in reasonable agreement with the 

tube bundle correlations. 

Water 

Subcooled 

40-200;  

30-470 
0 < 𝑥 < 0.35  

∆𝑃𝑡𝑝, ℎ𝑡𝑝, Re, Bl, 

Martinelli 

parameter, void 

fraction 

Increasing 

The comparison of ℎ𝑡𝑝 in two tested fluids 

revealed that local conditions had effects on ℎ𝑡𝑝 

of R113 where in case of water values didn’t, 

thus the R113 flow boiling could not produce 

uniform heat flux at the base.   

Reeser et al. 

2014 [21] 

Staggered an in-

line pin fin array 

(square&diamond) 

/ Copper 

HFE-7200 

Subcooled 

200-600;  

1-36 
0 < 𝑥 < 0.9  

∆𝑃𝑡𝑝, ℎ𝑡𝑝 

HFE-7200: Decreasing-plateau-decreasing. 

Water: Increasing. 

The ℎ𝑡𝑝 behavior of water and HFE-7200 

showed significant difference within tested 𝑥𝑜𝑢𝑡. 

A modification was suggested on the correlation 

presented by Krishnamurthy and Peles [23] for 

ℎ𝑡𝑝 to minimize the MAEs of predicted values 

in compare with experimental data.     

Water 

Subcooled 

400-1300;  

27-118 
0 < 𝑥 < 0.23  
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Table 4-2. Geometric parameters of the test sections 

 

µPFHS 

# 
Hpin  

(μm) 

Wpin=Dh (μm, 

nominal) 

(μm, actual) 

SD 

(μm) 

SL=ST 

(μm) 

α 

(H/Dh) 

β 

(SL or T Dh)⁄  
Npin 

Fluid Volume 

(mm3) 

Heated Fluid 

Surface Area 

(mm2) 

Fluid Area/Volume 

(1/mm) 

1 1250 400 (395) 895 1266 3.1 3.2 420 324 1061 3.3 

2 1250 400 (405) 670 948 3.1 2.4 722 255 1652 6.5 

3 845 200 (185) 535 757 4.2 3.8 1200 251 1031 4.1 

4 845 200 (200) 390 552 4.2 2.8 2245 210 1747 8.3 

The following close up images with identical scale from top view of all µPFHSs show the variation of pitch ratio in tested heat sinks.  

µPFHS1 µPFHS2 µPFHS3 µPFHS4 
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Table 4-31. Operating conditions of flow boiling in the tested µPFHSs   

 

µPFHS # ∆𝑇𝑠𝑢𝑏  𝐺𝑚𝑎𝑥  (𝐾𝑔 𝑚2. 𝑠⁄ ) 𝑞" (𝑊 𝑐𝑚2⁄ ) 𝐵𝑙 × 103 Dry out 

1 

12.5 30, 60, 100 1.12-9.60 2.01-31.36 No 

0 30 1.00-6.86 3.32-23.09 No 

2 

12.5 30, 60, 100 1.40-17.76 2.22-31.75 No 

0 30 0.56-7.46 1.93-26.10 Yes 

3 

12.5 30, 60, 100 1.22-16.73 2.14-34.09 No 

0 30 1.53-8.21 5.36-28.37 Yes 

4 

12.5 30, 60, 100 1.14-13.60 2.18-25.89 Yes (only 𝐺𝑚𝑎𝑥 = 30) 

0 30 0.74-67.13 2.34-21.33 Yes 

1All testing were performed at atmospheric pressure where PF5060 𝑇𝑠𝑎𝑡 = 56℃.  

 

 

 

Table 4-4. Coefficient and power index values used in Eq. (4-11) 

 

µPFHS # 𝑐 𝑚 

1 32.044 -0.567 

2 21.575 -0.394 

3 121.840 -0.886 

4 50.732 -0.686 
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Table 4-5. Representative measurement uncertainty estimate 

 

Variable Uncertainty (±) 

Mass flow meter ±0.004 𝑔/𝑠 (0.12%) 

Average fluid and surface temperature ±0.21 ᵒ𝐶 (0.7%) 

Heat flux, q"HFM ± 0.32 𝑊/𝑐𝑚2 (8.2%) 

Absolute pressure, 𝑃𝑝1,𝑖𝑛 ±0.7 𝑘𝑃𝑎 (0.6%) 

Low range measured pressure drop, ∆P𝑒𝑥𝑝  ±31.1 𝑃𝑎 (7.5%) 

High range measured pressure drop, ∆P𝑒𝑥𝑝 ±45.4 𝑃𝑎 (7.7%) 

Two  phase pressure drop, ∆𝑃𝑡𝑝 ±33.6 𝑃𝑎 (8.0%) 

Exit vapor quality, 𝑥𝑜𝑢𝑡 ±0.035 (11.5%) 

Average two-phase heat transfer 

coefficient, ℎ̅𝑡𝑝 
±421.4 𝑊/𝑚2𝐾 (18.1%) 
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Table 4-6. Literature correlations for predicting two-phase heat transfer coefficient in µPFHSs 

Reference Remarks Correlation 

Hsu correlation 

taken from Koşar 

and Peles [13] 

- Staggered circular tube bundle 

-R-113 

ST Dh⁄ = SL Dh⁄ = 1.3 

50 < Gmax < 675   

ℎ𝑡𝑝 = 𝐹ℎ𝑠𝑝 + 𝑆ℎ𝑛𝑏 

ℎ𝑠𝑝 =experimental average single phase heat transfer coefficient 

ℎ𝑛𝑏 = 0.5261𝑞𝑤
0.5353 , 𝑆 = (

𝑘𝑙

𝐹ℎ𝑠𝑝𝑋𝑜
) (1 − 𝑒𝑥𝑝 (−

𝐹ℎ𝑠𝑝𝑋𝑜

𝑘𝑙
)) 

𝐹 = (𝜙𝑙
2)

𝑚

2−𝑛, 𝑚 = 0.694, 𝑛 = 0.674, 𝑋𝑜 = 0.041 (
𝜎

𝑔(𝜌𝑙−𝜌𝑣)
)

0.5

 

Koşar and Peles 

[13] 

- Staggered hydrofoil 

micro pin fin 

- R-123 

𝐻 𝐷ℎ⁄ = 2.43  

ST Dh⁄ = 1.5  

976 < 𝐺𝑚𝑎𝑥 < 2349 

Nucleate boiling 

dominant 

ℎ̅𝑡𝑝 = 𝑎1𝑞𝑤
a2 + 𝑎3ℎ̅𝑠𝑝

𝑎4 

𝑎1 =
3.42×107

𝐺𝑚𝑎𝑥
1.16 ℎ𝑙𝑣

1.16, 𝑎2 = 1.01, 𝑎3 = 0.12, 𝑎4 = 0.7 

Convective boiling 

dominant 

ℎ̅𝑡𝑝 = 𝑏1𝑅𝑒𝐷ℎ,𝑙𝑜
𝑏2 (1 − 𝑥)𝑏3 (

1−𝑥

𝑥
)

𝑏4
  

𝑏1 = 819, 𝑏2 = 0.6, 𝑏3 = 0.22, 𝑏4 = 0.01 

Krishnamurthy and 

Peles [23] 

- Staggered circular micro 

pin fin 

- Water 

𝐻 𝐷ℎ⁄ = 2.5  

346 < 𝐺𝑚𝑎𝑥 < 794  

Correlation 1 

𝑅𝑒𝐷ℎ,𝑙𝑜 < 50  

ℎ𝑡𝑝 = 𝜁(𝜙𝑙
2)0.2475𝑃𝑟𝑓

0.333ℎ𝑠𝑝  

𝜁 = 1.0, 𝜙𝑙
2 = 1 +

0.0358ReDh

𝑋𝑣𝑣
+

1

𝑋𝑣𝑣
2  

𝑋𝑣𝑣 = (
1−𝑥

𝑥
)

0.61

(
𝑣𝑙

𝑣𝑣
)

0.5

(
𝜇𝑙

𝜇𝑣
)

0.39

  

Correlation 2 

150 < 𝑅𝑒𝐷ℎ,𝑙𝑜 < 30  
𝜁 = 1.4, 𝜙𝑙

2 = 1 +
0.24

𝑋𝑣𝑣
+

1

𝑋𝑣𝑣
2   
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Figure 4-1. Surface profile view of µPFHS1 detailing a single pin. The inset shows the 

entire heat sink. The flow direction is from left to right. 
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(a) 

 

(b) 

 

Figure 4-2 a) Assembly view of the test section, b) cross section of microchannel housing 
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(a) 

 

Figure 4-3. Flow boiling test facility a) line schematic of test facility b) HS camera 

Infinity Optics K2/SC microscope lens in the middle of imaging c) condenser copper coil 

installed at the upper section of the reservoir d) differential pressure transducers 

calibrated for low and high range pressure drop installed in parallel.  

(b) 

(c) 

(d) 
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(a) 

 

(b) 

 

Figure 4-4. Repeatability test of flow facility on PFHS4 a) heat transfer coefficient 

variation with heat flux b) boiling curve at location 1. There is variation in ∆𝑇𝑠𝑢𝑏 within 

±0.43℃ for data points of the same heat flux.  
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(a) 

 

(b) 

 

Figure 4-5. Single phase heat transfer coefficient at location 1 versus heat flux in a) all 

tested µPFHSs at constant mass flux; the blue symbols were taken from single phase 

study [2]. b) µPFHS3 at different mass fluxes; the symbols connected with blue line were 

taken from single phase study [2]. 
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Figure 4-6. Average heat transfer coefficient variation with a) heat flux and b) exit vapor 

quality. Local heat transfer variation with heat flux and vapor thermodynamic quality at 

location 1 (c and d respectively) and at location 2 (e and f respectively) for tested mass 

fluxes in µPFHS3  
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𝐺𝑚𝑎𝑥  𝑘𝑔 𝑚2. 𝑠⁄  

𝑞𝐻𝐹𝑀  𝑊 𝑐𝑚2⁄  

    

𝐺𝑚𝑎𝑥 = 30 

𝑞"𝐻𝐹𝑀 = 6.7 

∆𝑇𝑠𝑢𝑏 = 25.3℃ 

(a) 

    

𝐺𝑚𝑎𝑥 = 60 

𝑞"𝐻𝐹𝑀 = 6.8 

∆𝑇𝑠𝑢𝑏 = 17.4℃ 

(b) 

    

𝐺𝑚𝑎𝑥 = 100 

𝑞"𝐻𝐹𝑀 = 8.0 

∆𝑇𝑠𝑢𝑏 = 12.5℃ 

(c)  

    

 

  Figure 4-7. Flow boiling mechanism of PF5060 in µPFHS3 at different mass fluxes 

𝒕 = 𝟏𝟏𝟓 𝒎𝒔 𝒕 = 𝟐𝟑𝟎 𝒎𝒔 𝒕 = 𝟑𝟒𝟓 𝒎𝒔 𝒕 = 𝟎 𝒎𝒔 

Flow 

direction 

𝒕 = 𝟐𝟑 𝒎𝒔 𝒕 = 𝟒𝟔 𝒎𝒔 𝒕 = 𝟔𝟗 𝒎𝒔 𝒕 = 𝟎 𝒎𝒔 

𝒕 = 𝟏𝟐. 𝟔 𝒎𝒔 𝒕 = 𝟐𝟓. 𝟐 𝒎𝒔 𝒕 = 𝟑𝟕. 𝟖 𝒎𝒔 𝒕 = 𝟎 𝒎𝒔 

Scattered bubbles Growing vapor slug 

Trapped liquid Stagnant 

vapor slug 
Moving  

vapor slug 

Scattered bubbles 



 

180 

 

 

 

  Figure 4-8. Major acting forces on a slug within a µPFHS. Inertia forces are in the 

direction of flow, surface tension forces are in the opposite of slug growth, and viscous 

forces are in the opposite of slug sliding direction. 

 

 

Figure 4-9. Two-phase pressure drop variation with heat flux for µPFHS3 at varied mass 

flux  

Flow direction 

(Liquid) 

𝑭𝒊𝒏𝒆𝒓𝒕𝒊𝒂 

𝑭𝐬𝐮𝐫𝐟.𝐭 

𝑭𝐯𝐢𝐬𝐜𝐨𝐮𝐬 
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(a)     (b)     (c) 

Figure 4-10. Illustration of the border separating annular flow region from single phase 

and nucleate boiling region in µPFHS3 at a) 𝑞"𝐻𝐹𝑀 = 4.2 𝑊 𝑐𝑚2⁄  𝑎𝑛𝑑 𝑥𝑜𝑢𝑡 = 0.17, b) 

𝑞"𝐻𝐹𝑀 = 6.7 𝑊 𝑐𝑚2⁄  𝑎𝑛𝑑 𝑥𝑜𝑢𝑡 = 0.44, c) 𝑞"𝐻𝐹𝑀 = 9.7 𝑊 𝑐𝑚2⁄  𝑎𝑛𝑑 𝑥𝑜𝑢𝑡 = 0.87 with  
∆𝑇𝑠𝑢𝑏 = 25.3℃ 
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(a) 

 

(b) 

 

Figure 4-11. Boiling curve comparison of a) µPFHS1 and 2 at 𝐺𝑚𝑎𝑥 = 60 𝑘𝑔 𝑚2. 𝑠⁄  and 

b) µPFHS3 and 4 at 𝐺𝑚𝑎𝑥 = 100 𝑘𝑔 𝑚2. 𝑠⁄  
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(a) 

 

(b) 

 

Figure 4-12. Variation of average two-phase heat transfer coefficient with exit vapor 

quality in µPFHS3 and 4 at a) 𝐺𝑚𝑎𝑥 = 30 𝑘𝑔 𝑚2. 𝑠⁄  and b) 𝐺𝑚𝑎𝑥 = 60 𝑘𝑔 𝑚2. 𝑠⁄ . 
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(a) 

 

(b) 

 

Figure 4-13. Variation of average two-phase heat transfer coefficient in µPFHS1 and 3 

with a) heat flux and b) exit vapor quality for 𝐺𝑚𝑎𝑥 = 30 𝑘𝑔 𝑚2. 𝑠⁄ . 
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(a) 

 

(b) 

 

Figure 4-14. Variation of two-phase pressure drop in tested µPFHSs with a) heat flux and 

b) exit vapor quality for 𝐺𝑚𝑎𝑥 = 60 𝑘𝑔 𝑚2. 𝑠⁄ . 
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(a) 

 

(b) 

 

Figure 4-15. Variation of two-phase heat transfer coefficient in µPFHS2 with a) heat flux 

and b) exit vapor quality in subcooled and saturated flow boiling at 𝐺𝑚𝑎𝑥 = 30 𝑘𝑔 𝑚2. 𝑠⁄  
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(a)                                                                                  (b) 

 

(c)                                                                                 (d) 

 

Figure 4-16. Two-phase heat transfer coefficient comparison with the prediction of 

correlations listed in Table 4-6. 
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CHAPTER 5  

Conclusion and final remarks 

Salient conclusions from the research presented in this dissertation are summarized in this 

chapter. A list of scientific contributions is provided, followed by recommendations for 

future work. 

 

Summary 

The effect of pitch ratio on single phase and flow boiling within microscale pin fin heat 

sinks was experimentally characterized. Pin fin arrays were fabricated in square shape on 

Al6061 substrate using traditional micromachining methods in two different pin fin sizes 

(Width×Height) of 200 × 845 𝜇𝑚 and 400 × 1250 𝜇𝑚. For each pin fin size the pitch 

was varied. The pin fins were oriented at 45 degrees to the flow direction. Hence the pitch 

and aspect ratios variation effects were studied on heat transfer and pressure drop in micro 

pin fin heat sinks (µPFHSs). 

 

Single phase flow of two distinct fluids were characterized in microscale pin fin heat sinks, 

namely PF 5060 and a cryogen, liquid nitrogen. Experiments using the cryogenic fluid was 

motivated by application of microchannel heat sinks in thermal management of cryo-

adsorbent hydrogen storage systems. The Reynolds number (ReDh, based on pin fin 

hydraulic diameter) was in range of 108-570. A monotonically increasing trend in pressure 

drop across the pin fins was seen for all PFHSs. It was found that choosing pin fin size as 
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characteristic length scale (conventional length scale used in macroscale pin fin arrays) for 

reporting friction factor resulted in misinterpretation of trends. Using a hydraulic diameter 

obtained from minimum fluid cross section area (𝐷𝐿𝑐_𝐴𝑚𝑖𝑛) within the pin fin arrays as the 

length scale for Reynolds number revealed the expected trends. Pressure drop across heat 

sinks with larger pitch ratio was lower than that across PFHS of smaller pitch ratio at any 

ReLc_Amin (calculated based on 𝐷𝐿𝑐_𝐴𝑚𝑖𝑛). The experiments ReLc_Amin expanded from 324 

to 860. All the heat sinks exhibited an increasing trend for Nu with Reynolds number. 

However µPFHS1 and 3 exhibited higher Nu. While having larger fluid heated surface 

area, µPFHS2 and 4 showed significantly smaller heat transfer rates than heat sinks of the 

same pin fin size but larger pitch ratio. Literature correlations could predict the 

experimental friction factor and Nusselt numbers with good agreement only in the heat 

sinks with smaller pitch ratios. The heat sinks with larger pitch ratio (µPFHS1 and 3) not 

only showed smaller pressure drops but also enhanced Nu by 2.2-5.5 times when compared 

against the heat sink of the same pin fin size but denser arrangement.  

 

To further clarify intriguing trends in the pressure drop and heat transfer data of LN2, a 

flow visualization test loop was designed. A new test section was fabricated with similar 

architecture as the one used for cryogenic study to house the identical µPFHSs but with an 

IR-transparent sapphire window on the heat sink upper surface. For ease of visualization, 

a surrogate fluid Performance Fluid PF5060 was used. PF5060 is transparent in the mid-

IR region in the wavelength band of 3-5 m, thereby permitting use of an IR camera to 

probe the transient heat sink wall temperature maps. Surface temperature profiles obtained 

from visualization experiments on µPFHSs revealed flapping in the wake region (known 
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as vortex shedding) behind the pin fins of the heat sink with larger pitch ratio, i.e. µPFHS1 

and 3 but not for the denser pin arrangements (µPFHS 2 and 4). Hence there exists a pitch 

ratio threshold for vortex shedding. The global critical ReDh as the onset of vortex shedding 

in the entire length of heat sink was about 60 and 30 respectively for µPFHS1 and 3 

(corresponding to 𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛 about 140 and 100). 

 

In addition to IR flow visualization, an expanded set of data was obtained on global heat 

transfer and pressure drop using PF5060, covering a 𝑅𝑒𝐷ℎ range of 8-462 (corresponding 

to 𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛 range of 18-1070). It was shown that the existing correlations developed for 

µPFHSs were capable of predicting the f and Nu data with good agreement only in the 

absence of vortex shedding. The transition to unsteady flow results in poor comparison of 

correlations with experimental data.  

 

The two fluids used in the single-phase experiments were distinct in Pr ( Pr =12.2 for PF 

5060 and Pr  = 1.9 for liquid nitrogen), providing an opportunity for a comparison of the 

trends and potentially generalization of results over a wider range of Pr.  In the absence of 

unsteady vortex shedding, significant difference in the Nu trends with Re was observed 

between the two tested fluids. However, interestingly in the heat sink with unsteady vortex 

shedding, the 𝑁𝑢𝐷ℎ vs Re curves for both fluids approximately collapsed onto a single 

curve. Based on the experimental data, separate correlations were developed for predicting 

Nu in the case with and without unsteady vortex shedding. The resulting regression model 

showed significantly decrease in the dependency of Nusselt to Pr number at the presence 

of vortex shedding in the µPFHSs.  
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In order to investigate the vortex shedding effects in flow boiling and also compare the 

two-phase heat transfer performance of micro pin fin heat sinks with varied pitch and 

aspect ratios, flow boiling experiments were performed with PF5060 fluid. All heat sinks 

were tested in three constant mass fluxes of 30, 60, and 100 𝑘𝑔 𝑚2. 𝑠⁄  with 12.5 ᵒC 

subcooling. The average heat flux ranged from 1.1 to 17.8 𝑊 𝑐𝑚2⁄  based on the plan area 

of the heat sinks. Saturated inlet flow condition was also tested for the lowest mass flux of 

30 𝑘𝑔 𝑚2. 𝑠⁄  to evaluate the effect of inlet subcooling on two-phase heat transfer 

coefficient (ℎ𝑡𝑝) trends. The sapphire window used for IR thermography during single 

phase experiments was utilized to facilitate the high speed imaging in the middle of flow 

boiling tests. 

 

Heat transfer coefficient in all tested µPFHSs showed increasing trend with heat flux. 

Beyond a certain heat flux corresponding to 𝑥𝑜𝑢𝑡 ranging from 0.5 to 0.7 (depending on 

the geometry) the ℎ𝑡𝑝 followed a decaying trend. For both saturated and subcooled 

conditions and the range of mass fluxes, nucleate boiling heat transfer was the dominant 

mechanism for 𝑥𝑜𝑢𝑡 < 0.5. In nucleate boiling ℎ𝑡𝑝 trend was independent to variation of 

mass flux but significantly dependent to heat flux. In this boiling regime, high speed images 

showed slug formation and consequent thin film evaporation into the slugs. At higher 

qualities semi-annular film evaporation regime became dominant which was strongly 

dependent to mass flux. For all mass fluxes two phase pressure drop showed monotonically 

increasing trend with heat flux. Low mass flux tests showed a change in the slope at certain 

heat flux when annular flow and spray of vapor were formed at the exit of heat sink. It was 
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observed that the unsteady vortex shedding which occurred in the heat sinks of larger pitch 

ratio eliminated the wall temperature overshoot. When nucleate boiling heat transfer is 

dominant, vortex shedding resulted in higher two-phase heat transfer coefficients. The 

comparison of the peak ℎ̅𝑡𝑝 in µPFHS3 and 4 showed about 35% increase at the heat flux 

associated to the peak ℎ̅𝑡𝑝 by using µPFHS3. This heat flux value was a threshold at which 

flow boiling transitioned into annular film evaporation. 

 

In the heat sinks of the same heated surface area, the one with larger fluid volume capacity 

(i.e. µPFHS1 and 2) could attain the nucleate boiling mechanism up to higher range of heat 

fluxes and caused delay in the transition into the less efficient annular film evaporation 

regime. In the heat sinks of identical pin fin size and aspect ratio, at a given heat flux, the 

one with smaller pitch ratio showed higher pressure drop. At heat flux of 9 𝑊 𝑐𝑚2⁄ , the 

µPFHS3 showed only 45% of observed pressure drop as with  µPFHS4. Also at the same 

heat flux the µPFHS1 resulted in 44% of pressure drop in µPFHS2; in compare with 

µPFHS3 the pressure drop in µPFHS1 was 56% lower. So in addition to enhanced heat 

transfer coefficient, a lower pressure drop was observed for the µPFHS1 and 3 when 

compared to µPFHS2 and µPFHS4, respectively. The µPFHS1 showed the lowest pressure 

drop and could dissipate the highest possible heat flux within the working temperature limit 

of test apparatus.  

 

The overall trends observed for ℎ𝑡𝑝 with heat flux and vapor quality didn’t change in 

saturation and subcooled boiling. At a given exit quality, the two-phase heat transfer 

coefficient in both ∆𝑇𝑠𝑢𝑏 = 0 𝑎𝑛𝑑 12.5℃ was about the same value. Fluid subcooling at 
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the inlet helped in removing higher heat fluxes because of causing in delay in the 

occurrence of partial dry out. The predictions of existing correlations for ℎ𝑡𝑝 developed 

specifically for pin fin heat sinks in literature were not in good agreement with the 

experimental data (with 𝑀𝐴𝐸 > 30%) and showed a systematic deviation depending on 

the µPFHSs dimensions.  

 

Scientific and technological contributions 

The major scientific contributions unique to this study are listed below: 

 Vortex shedding in the micro pin fin heat sinks was gleaned by IR visualization of 

the heat sink base temperature in single phase flows. The surface temperature 

visualization in this study complements flow temperature visualization using µLIF 

technique performed by Renfer et al [19].   

 For the first time, the effect of vortex shedding was investigated on the heat transfer 

performance of micro pin fin heat sinks with identical pin fin size and aspect ratio 

but varied in pitch ratio. It was showed that the existence of vortex shedding in the 

heat sink with larger pitch ratio despite of having smaller heated surface area would 

result in markedly higher heat transfer rates. 

 For the first time separate correlations were developed for predicting single phase 

Nusselt number in the steady and unsteady regimes in micro pin fin heat sinks. The 

correlations used data from experiments with two fluids LN2 (𝑃𝑟 = 1.9) and 

PF5060 (𝑃𝑟 = 12.2) hence accounted for Pr dependency. 
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 It was shown that at the three tested mass fluxes, the unsteady vortex shedding 

which occurred in heat sinks with larger pitch ratio eliminated the wall temperature 

overshoot. 

 It was shown that at a given vapor quality when nucleate boiling heat transfer is 

dominant, heat sinks in the presence of vortex shedding resulted between 1.1 to 2 

times higher two-phase heat transfer coefficients. 

The major technological contributions are; 

 Thermal performance characterization of micro pin fin heat sinks for cryo-

adsorbent hydrogen storage system application  

 Single phase PFHS design with vortex shedding. One practical application found 

from single phase study on micro pin fin heat sinks would be to design heat sinks 

such that they experience vortex shedding in the range of system working flow rates 

as it will reduce pumping power for higher heat transfer coefficient. 

 Correlation for PFHS with multiple fluids 

 Phase change PFHS design guidelines - to eliminate overshoot and increase HTC 

in nucleate boiling 
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Future work 

Continued work is required to expand upon the work presented in this dissertation to further 

understand the dependency of critical Reynolds number (at which the vortex shedding 

initiates) on pitch and aspect ratios. According to the results of Chapter 2 and 3 at a constant 

aspect ratio, pitch ratios smaller than certain value would result in elimination of vortex 

shedding similar to what was observed in µPFHS2 vs µPFHS1 and µPFHS4 vs µPFHS3. 

Also larger pitch ratios decrease the heated surface area within a constant heat sink foot 

print area. Since the heat transfer rate is directly related to the heated surface area provided 

by a heat sink, in the absence of unsteady vortex shedding effects, higher pitch ratios have 

adverse effect on heat transfer performance of a heat sink. Hence a parametric study is 

needed to find an optimum pitch ratio at a given aspect ratio, so that a heat sink can benefits 

from both high heated surface area (provided by having micro structures with smallest 

possible pitch ratio) and vortex shedding simultaneously. A carefully designed µPFHS can 

make use of the enhanced heat transfer provided by this dynamic flapping behavior while 

also resulting in reduced pressure drop compared with a denser network of pin fins.   

 

For a heat sink with the presence of vortex shedding, the pin fin’s shape effect also needs 

to be explored on increasing or decreasing the critical Reynolds number. Diamond pin fin 

shape which was used in the design of heat sinks studied in this dissertation has sharp side 

edges which can expedited the flow separation. A heat sink with circular pin fins may 

experience transition into unsteady flapping flow at higher Reynolds numbers.    
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Appendix 

 

A. Bulk fluid temperature correction in single phase experiments 
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In this appendix process of bulk fluid temperature correction used in single phase 

experiments (Chapters 2 and 3) is described in detail. This correction is because of heat 

gain by the fluid in the large plenums on the inlet and exit sides of the heat sink. Since the 

liquid nitrogen test section had the same architecture as of PF5060, the process which is 

discussed in following is based on single phase tests on PF5060 test section. 

Thermocouples’ measurement locations in the PF5060 test section are shown in Figure 0-1. 

As discussed in data reduction of Chapter 2, heat flux into the test section was quantified 

by measurement of TC1 and 2 through Eq. (2-15). The heat flux value was converted to 

the amount of heat input to the heat sink by multiplying to the plan area of the heat sink 

(𝐴), 

𝑞 = 𝑞"𝐻𝐹𝑀 × 𝐴          (0-1) 

It was assumed that all the heat input (𝑞) was removed by convection of fluid flow through 

the pin fin heat sink. Those thermocouples readings (averaged over 100 s) that their 

measurements were used for bulk fluid temperature correction along with system mass 

flow rate and heat sink input heat in single phase tests on µPFHS3 are listed in  

 

 

Figure 0-1. Thermocouples’ measurement locations in the PF5060 test section 



 

202 

 

Table 0-1. Measured and calculated parameters used for bulk fluid temperature correction 

for single phase tests on µPFHS3 

 

Thermocouple/

parameter 
𝑇𝐶5 (℃) 𝑇𝐶6 (℃) 𝑇𝐶7 (℃) 𝑇𝐶8 (℃) �̇� (

𝑘𝑔

𝑠
) 𝑞 (𝑊) 

Test # 

Test 1 24.9 37.2 22.8 34.9 0.000297 3.60 

Test 2 23.2 33.4 21.8 31.3 0.000469 4.05 

Test 3 22.1 32.9 21.1 30.6 0.000701 5.88 

Test 4 21.6 31.4 20.7 28.9 0.000939 6.19 

Test 5 21.5 32.6 20.4 29.6 0.001191 8.87 

Test 6 21.1 31.2 20.2 28.0 0.001519 9.15 

Test 7 21.2 31.4 20.3 28.4 0.001760 11.17 

Test 8 21.1 30.0 20.2 27.6 0.002019 11.44 

 

Table 0-1. As mentioned in test section assembly, 𝑇𝐶5 and 6 were installed flush to the 

side wall of the inlet and exit plena respectively to measure the wall temperatures in these 

plena. At steady state condition, it was assumed that all surfaces of plenums have uniform 

temperature equal to the reading of the associated thermocouple (𝑇𝐶5 and 6). It can be 

seen from Table 0-1 that at each side, plenum wall temperature in all tests is higher than 

measured bulk fluid temperature (𝑇𝐶5 vs 𝑇𝐶7 and 𝑇𝐶6 vs 𝑇𝐶8). The heat gain in inlet 

plenum can be calculated from, 

𝑞𝑖𝑛_𝑝𝑙𝑒𝑛𝑢𝑚 = �̇�𝑐𝑝𝑖𝑛_𝑝𝑙𝑒𝑛𝑢𝑚 (𝑇𝑖𝑛 − 𝑇𝐶7)       (0-2) 

where 𝑇𝑖𝑛 is fluid bulk temperature at the inlet of heat sink which is yet to be found. The 

specific heat capacity is based on fluid bulk mean temperature between 𝑇𝐶7 location and 

the heat sink inlet. In the same way heat gain in exit plenum can be quantified, 
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 𝑞𝑜𝑢𝑡_𝑝𝑙𝑒𝑛𝑢𝑚 = �̇�𝑐𝑝𝑜𝑢𝑡_𝑝𝑙𝑒𝑛𝑢𝑚 (𝑇𝐶8 − 𝑇𝑜𝑢𝑡)       (0-3) 

where 𝑇𝑜𝑢𝑡 is fluid bulk temperature at the exit of heat sink which is unknown. Similar to 

the inlet side, the specific heat capacity is estimated at the average temperature between 

𝑇𝑜𝑢𝑡 and 𝑇𝐶8. The convective heat removal across the heat sink can be calculated from, 

𝑞 = �̇�𝑐𝑝(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)          (0-4) 

The specific heat capacity is based on bulk mean temperature across the heat sink. It was 

assumed that heat gain in plenums was based on convection and associated heat transfer 

coefficient was equal in both plenums; so 𝑞𝑖𝑛_𝑝𝑙𝑒𝑛𝑢𝑚 and 𝑞𝑜𝑢𝑡_𝑝𝑙𝑒𝑛𝑢𝑚 can be re-written as, 

𝑞𝑖𝑛_𝑝𝑙𝑒𝑛𝑢𝑚 = ℎ𝑝𝑙𝑒𝑛𝑢𝑚𝐴𝑝𝑙𝑒𝑛𝑢𝑚 (𝑇𝐶5 −
(𝑇𝐶7+𝑇𝑖𝑛)

2
)      (0-5) 

and  

𝑞𝑜𝑢𝑡_𝑝𝑙𝑒𝑛𝑢𝑚 = ℎ𝑝𝑙𝑒𝑛𝑢𝑚𝐴𝑝𝑙𝑒𝑛𝑢𝑚 (𝑇𝐶6 −
(𝑇𝑜𝑢𝑡+𝑇𝐶8)

2
)      (0-6) 

where ℎ𝑝𝑙𝑒𝑛𝑢𝑚 is the heat transfer coefficient associated to the plenum and 𝐴𝑝𝑙𝑒𝑛𝑢𝑚 is the 

plenum total surface area in touch with fluid which its temperature was measured by either 

𝑇𝐶5 or 6. According to the test section architecture, see Figure 0-1, inlet and exit plenums 

have identical 𝐴𝑝𝑙𝑒𝑛𝑢𝑚. In Eqs. (0-2) to (0-4), there are four unknowns and three equations. 

The fourth equation can be obtained from ratio of Eqs. (0-5) and (0-6), 

𝑞𝑖𝑛_𝑝𝑙𝑒𝑛𝑢𝑚

𝑞𝑜𝑢𝑡_𝑝𝑙𝑒𝑛𝑢𝑚
=

(𝑇𝐶5−
(𝑇𝐶7+𝑇𝑖𝑛)

2
)

(𝑇𝐶6−
(𝑇𝑜𝑢𝑡+𝑇𝐶8)

2
)
         (0-7) 

Hence by solving Eqn. (0-2), (0-3), (0-4), and (0-7) iteratively in EES for the measured 

values listed in Table 0-1, the converged values for 𝑞𝑖𝑛_𝑝𝑙𝑒𝑛𝑢𝑚, 𝑞𝑜𝑢𝑡_𝑝𝑙𝑒𝑛𝑢𝑚, 𝑇𝑖𝑛, and 𝑇𝑜𝑢𝑡 

can be found which are tabulated in Table 0-2. 
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Table 0-2. Plenums heat gain values and corrected bulk fluid temperatures for single 

phase tests on µPFHS3 

 

Parameter 

𝑞𝑖𝑛_𝑝𝑙𝑒𝑛𝑢𝑚 (𝑊) 𝑞𝑜𝑢𝑡_𝑝𝑙𝑒𝑛𝑢𝑚  (𝑊) 𝑇𝑖𝑛 (℃) 𝑇𝑜𝑢𝑡  (℃) 

Test # 

Test 1 0.08 0.10 23.1 34.5 

Test 2 0.19 0.43 22.2 30.4 

Test 3 0.27 0.93 21.4 29.4 

Test 4 0.37 1.55 21.0 27.3 

Test 5 0.50 2.14 20.8 27.9 

Test 6 0.54 2.78 20.5 26.3 

Test 7 0.64 3.18 20.6 26.6 

Test 8 0.77 3.45 20.6 26.0 
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Appendix 

 

B. Bulk fluid temperature correction at the inlet of heat sink in phase change 

experiments 
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In this appendix process of inlet bulk fluid temperature correction used in phase change 

experiments (Chapters 4) is described in detail. Because of having saturated condition at 

the exit of heat sink with vapor qualities ranging from 0 ≤ 𝑥𝑜𝑢𝑡 ≤ 1, there is no need for 

correcting the measurement of 𝑇𝐶8 shown in Figure 0-1. The saturation temperature at the 

exit of heat sink was estimated based on the absolute pressure. The calculation details 

related to absolute pressure were discussed in data reduction section of Chapter 4. In order 

to estimate the bulk fluid temperature at the inlet of heat sink, single phase heat transfer 

coefficient associated to the inlet plenum was utilized. For example in case of µPFHS3, 

solving iteratively the equations listed in Appendix A was resulted in finding unknown 

heat sink’s inlet and outlet temperatures, see Table 0-2. Using the values listed in Table 0-1 

and Table 0-2, one can calculate the heat transfer coefficient in inlet plenum (ℎ𝑝𝑙𝑒𝑛𝑢𝑚) by 

solving Eq. (0-5). Then the ℎ𝑝𝑙𝑒𝑛𝑢𝑚 was non-dimensionalized (as Nusselt number) by, 

𝑁𝑢𝑖𝑛_𝑝𝑙𝑒𝑛𝑢𝑚 =
ℎ𝑝𝑙𝑒𝑛𝑢𝑚𝐷ℎ,𝑝𝑙𝑒𝑛𝑢𝑚

𝑘f,in_𝑝𝑙𝑒𝑛𝑢𝑚
        (0-8) 

where 𝐷ℎ,𝑝𝑙𝑒𝑛𝑢𝑚 is hydraulic diameter of deep plenum which was found based on fluid 

cross section area and associated wetted perimeter. Thermal conductivity of liquid was 

estimated at the bulk mean temperature in the inlet plenum (i.e. from average of 𝑇𝐶7 and 

𝑇𝑖𝑛). Then the variation of inlet plenum Nusselt number with Reynolds number calculated 

based on the 𝐷ℎ,𝑝𝑙𝑒𝑛𝑢𝑚 and properties of liquid at the inlet plenum bulk mean temperature 

(𝑅𝑒𝑖𝑛_𝑝𝑙𝑒𝑛𝑢𝑚) was correlated. The variation of 𝑁𝑢𝑖𝑛_𝑝𝑙𝑒𝑛𝑢𝑚 against 𝑅𝑒𝑖𝑛_𝑝𝑙𝑒𝑛𝑢𝑚 for single 

phase flow within µPFHS3 is depicted in Figure 0-2.  
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Figure 0-2. Variation of inlet plenum Nu against 𝑅𝑒𝐿𝑐_𝐴𝑚𝑖𝑛 in µPFHS3 

 

In the phase change experiments liquid Reynolds number at the inlet plenum was calculated 

from the test mass flow rate. Then using the curve fit correlation obtained from 

𝑁𝑢𝑖𝑛_𝑝𝑙𝑒𝑛𝑢𝑚-𝑅𝑒𝑖𝑛_𝑝𝑙𝑒𝑛𝑢𝑚 plot (Figure 0-2), a Nusselt number in inlet plenum associated to 

the phase change test flow condition could be estimated. The heat transfer coefficient in 

the plenum was calculated from Eq. (0-8). Eventually using the Eqs. (0-2) and (0-5) with 

the readings of 𝑇𝐶5 and 𝑇𝐶7, the corrected fluid temperature at the inlet of heat sink could 

be obtained. 

 


