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1. INTRODUCTION 

The heat flux level generated by microelectronic units has 

been continuously increasing. This fact has been emphasized by 

many researchers, such as Wang et al. [1] and Li et al. [2], since 

it indicates critical need for high-efficiency thermal management 

systems. Widely used systems, including laser diode arrays [3], 

[4], microelectronics [5], and fuel cells [6], need to be cooled by 

highly efficient cooling systems. Micro flow boiling is considered 

one of the most promising methods to address heat-related 

challenges. Developing an effective design for flow-boiling 

micro-coolers requires accurate predictive tools. Therefore, many 

studies in literature have focused on correlation-based 

approaches.  

Gungor and Winterton [7] developed a general correlation 

based on a comprehensive database comprising over 4300 data 

included various refrigerants. Their model improved upon earlier 

superposition methods by introducing simplified algebraic 

expressions for suppression factors and enhancement. Qu and 

Siu-Ho [8] measured pressure drop and observed that onset of 

nucleate boiling caused a sharp increase dominated by frictional 

losses in the boiling region. They evaluated ten existing models 

and showed that the Lockhart, Martinelli laminar, laminar 

correlation, used together with their earlier single-phase friction-

factor relation, provided the most accurate predictions. The study 

also reported that interconnected micro-pin-fin geometry offered 

improved flow stability compared to parallel channel 

counterparts. Chang et al. [9] experimentally investigated flow 

boiling (subcooled) (coolant is FC-72) in smooth and silicon 

chips, focusing on heat-transfer behavior and bubble dynamics. 

Micro-pin-fin structures, according to their results, enhanced both 

regimes, namely nucleate boiling and single-phase convection. 

On the other hand density of nucleation sites, nucleation 

frequency and departure diameter (for bubbles) were significantly 

influenced by inlet subcooling and mass flux. Based on the 

measured data, to support thermal design in electronics cooling, 

htp was proposed as a correlation by the authors. Regarding mini 

and micro channels considering a consolidated database 

containing over 10,000 data points from various working fluids, 

Kim and Mudawar [10] proposed a correlation for flow boiling 

(saturation regime). Their model successfully addressed unique 

heat transfer characteristics of confined geometries by employing 

an asymptotic superposition of convective and nucleate boiling 

terms. Regarding a staggered square micro-pin-fin array frictional 

pressure drop was studied by Konishi and Qu [11] as a 

experimental attempt. A previously proposed modified 

Martinelli–Chisholm correlation could be extended to this 

geometry. Two-phase friction multiplier maintained a functional 

relationship with the Martinelli parameter, and of circular-array 
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In the present paper, under pseudo-steady-state conditions, an experimental data set 

was obtained to evaluate the micro-flow boiling in cross-configured pin-finned heat 

sinks. A new data set was then used to investigate the predictive capability of existing 

correlations. Subsequently, a new empirical correlation was proposed to better 

characterize flow boiling in cross-configured micro-pin-finned heat sinks. To 

increase borders of dataset, three different mass fluxes (174, 234, 294 kg m-2 s-1) with 

effective heat flux (148.5 to 460.1 kW m-2) were considered. Discussion is 

strengthened by flow visualization output. It is concluded that with increasing heat 

flux, a general decreasing trend in two-phase heat transfer coefficient (htp) is 

observed for all mass flux values. Complex flow interactions induced by the specific 

layout of the pin fins, necessitate a more specialized empirical model. In this regard 

a new correlation was developed, and with proposed new correlation, 26 out of 27 

data points (96.3%) fall within the ±30% deviation band. 
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correlation accurately predicted square-array. Study therefore 

indicated the potential for establishing a correlation in terms for 

two-phase frictional pressure drop applicable to various micro-

pin-fin (staggered) configurations. HFE-7000 flow boiling 

(subcooled regime) was studied by Yu et al. [12] for a heat sink 

including pin-fins (piranha type). Fins significantly enhanced heat 

transfer, achieving heat fluxes up to 735 W/cm². They identified 

the onset of nucleate boiling through visualization and observed 

downstream initiation due to higher local temperatures. The study 

also proposed new correlations for htp and for two-phase pressure-

drop multiplier based on some nondimensional numbers (Jakob, 

Weber, Boiling). Zhang et al. [13] performed pool-boiling 

experiments of FC-72 on surfaces (micro-pin-finned) with 

varying fin pitches, configurations, and liquid subcooling, 

demonstrating strong effects of geometry on htp and critical heat 

flux (CHF). Their results showed that staggered arrays, 

particularly those with removed fins, achieved the highest 

performance due to enhanced capillary-driven liquid supply. 

Based on the measured data, the authors developed a CHF 

correlation incorporating porosity, capillary-resistance number, 

surface area enhancement and subcooling, which predicted CHF 

within ±8%. Under micro-gravity and standard gravity 

conditions, Zhang et al. [14] examined FC-72 subcooled flow 

boiling of on pin-finned (micro). Gravity has little effect at low–

moderate heat fluxes but causes strong CHF deterioration at high 

heat fluxes due to bubble accumulation. They also proposed an 

empirical correlation for the CHF ratio using the Weber number, 

a channel number, and a surface number, capturing the roles of 

inertia, geometry, and surface modification. Regarding micro-

pin-finned surfaces, Yuan et al. [15] developed a mechanistic 

model for CHF of flow boiling. The motivation behind the study 

is a newly observed bubble-behavior regime in which a vapor film 

forms above a persistent small-bubble layer. The proposed model 

incorporates both the liquid supplied through this capillary 

wicking and bubble layer the contributed by micro-pin-fin design. 

Validation against 90 data points showed good agreement at low 

flow velocities, with a mean absolute error (MAE) of 13.9%. Li 

et al. [16], in a 300 mm mini-channel equipped with staggered 

diamond micro pin-fins of varying channel widths and fin angles, 

performed an experimental study for R134 a flow boiling pressure 

drop. Their results showed that two-phase pressure drop increased 

with decreasing channel width and increasing fin angle, while 

heat flux had little influence. Existing pressure-drop correlations 

failed to predict the data, leading the authors to develop a new 

correlation incorporating fin-array geometric parameters, 

achieving a maximum MAE of 5.4%. Yubing et al. [17] 

experimentally investigated flow boiling for R134a in a small-

channel equipped with staggered diamond pin arrays of three 

different channel widths. Their results showed that the convective 

boiling and nucleate regimes jointly governed heat transfer, while 

smaller channel widths enhanced coefficients due to stronger flow 

disturbance. Existing correlations were unable to predict the data 

accurately, leading the authors to develop a new correlation that 

incorporated pin-fin geometric parameters and achieved a mean 

absolute deviation of 16.2%.  

The literature discussed previously provides a comprehensive 

overview of the field. As can be seen, prediction of thermal 

performance of a flow boiling cooler or heat sink attracts great 

attention since it can help to reduce the time loss caused by 

unnecessary experiments and obtain more effective preliminary 

designs. However, chaotic nature of micro-flow boiling systems 

is strongly influenced by geometry. In a very recent paper  [18] of 

authors of this paper introduced novel heat sink design to 

literature. Therefore, for novel geometries and databases, new 

predictive correlations should be presented.  

In this regard, in the present paper, under pseudo-steady-state 

conditions, a new experimental data set was obtained to evaluate 

the micro-flow boiling characteristics of a cross-configured pin-

finned heat sink. The new data set was then used to investigate the 

predictive capability of existing correlations. Subsequently, a new 

empirical correlation was proposed to better characterize flow 

boiling in cross-configured micro-pin-finned heat sinks. In this 

paper, as first in literature, a correlation of htp was developed for 

flow boiling in cross-configured pin-finned heat sinks.  

 

2. EXPERIMENTAL 

2.1. Methodology and Experimental Procedure Details 

Operational reliability of microprocessors heavily depends on 

functioning within a defined temperature range, as excessive heat 

leads to operational failure. Consequently, high-performance 

cooling mechanisms are essential. Microchannel heat sinks, 

known for their high surface density, offer a viable approach for 

such compact applications. In this work, a cross-configured 

micro-pin-finned heat sink was employed. Figure 1 shows 

experimental apparatus and their placements. Studies were carried 

out with varying heating power from 100 to 300 W. The tests were 

performed under three distinct mass flux conditions (G=174, 234 

and 294 kg m-2 s-1), while maintaining fluid inlet temperature of 

Ti=74.5 °C. 

 
Fig. 1. Schematic view of apparatus. 

 

Water (deionized) utilized as working fluid for study. To 

ensure gas-free operation, the fluid underwent a rigorous 

degassing process via boiling prior to the experiments [19]. 

Following filtration through a micro-filter unit, the treated coolant 

was transferred to the tank. A micropump circulated the fluid 

through flowline illustrated with Figure 1, delivering it to the test 

section at specific flow rate. Flow rate was continuously 

monitored via a volumetric flowmeter. System pressure within the 

flow line was tracked using a manometer. Fluid temperature was 

adjusted both heat exchanger and constant-temperature bath. 

1 Filter 8 μm 7 Flow-meter 13 Differential press. trans. 

2 Tank 8 Plate heat exchanger 14 Computer 

3 Valve 9 Test section 15 AC supply 
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Flow images were captured via a camera integrated with 

microscope (1000 fps). The locations of the flow images were 

coded as Z1, Z2, and Z3, as shown in Figure 3. Simultaneously, a 

high-speed data acquisition unit logged real-time pressure and 

temperature readings. Detailed specifications regarding the 

devices can be found in our earlier publications [20, 21]. Pressure 

(inlet pressure and pressure drop) measurements were conducted 

using two distinct transducers. Pressure transducers were powered 

by a 24 V DC supply. Heating power was applied with cartridge 

heaters, within a copper block, powered by an AC supplier.  
Main component of test section was machined from PTFE 

(Teflon). Figure 2(a) depicts the real photograph of test section 

assembly, which integrates the microchannel heat sink, cartridge 

heaters, and pressure transducers. The heating unit consisted of a 

copper block with dimensions of 40 x 16 x 9 mm. Upper surface 

of this block (40 x 16 mm), designated as the platform area, used 

as the placement interface for heat sink and defined the effective 

heating area. To facilitate visualization of flow, the assembly was 

covered with a transparent plate. Local temperature 

measurements were obtained using T-type thermocouples. These 

thermocouples inserted into dedicated slots machined beneath the 

microchannel heat sink. A view of assembly is provided in Figure 

2(b) as a cross-sectional for clarity. 

      
(a) 

       
(b) 

Fig. 2.Test section assembly, photographic (a), cross-sectional (b) 

 

Cross-configured micro-pin-finned heat sinks’ structural 

design is illustrated in Figure 3. Copper was used to manufacture 

heat sink with high-precision micro-CNC milling, with overall 

dimensions of 42x18x2 mm. Seven T-type thermocouples were 

inserted into groove (spaced 5 mm apart) milling bottom side of 

heat sink. Temperature readings acquired from this 

thermocouple ,shown in Figure 3, were utilized to determine the 

local surface temperature, applying the 1-D heat conduction 

assumption as described in Equation (4). 

The experimental procedure commenced with a degassing 

process, where deionized water was boiled to eliminate dissolved 

gases prior to experiment. Following the activation of all 

instruments, inlet temperature and mass flow rate were ensured. 

Once desired conditions were provided, the first heating power 

was applied. Data logging was started after the system reached a 

steady state (defined as temperature fluctuations remaining within 

± 0.5 °C). Achieving pseudo-steady-state, temperature readings 

were logged, and flow images were captured. These steps were 

repeated for each power increment until all conditions were 

completed.  

 
Fig. 3. CAD model of cross-configured micro-pin-finned heat 

sink. 

 

2.2. Steps in Calculation 

Mass flux defined with Equation (1), a key variable derived 

from the volumetric flow rate (V ), inlet area (Ai) and specific 

volume of the liquid (vl). 

l i

V
G

A
          (1) 

Effective heat flux ( effq ) is derived from the heating power 

input divided by area (Apa: platform area), as expressed in 

Equation (2). 

a ls

eff

pa

q q
q

A


                     (2) 

Heat loss (qls) was quantified through a dedicated calibration 

experiment conducted under no-flow conditions [20]. Obtained 

heat loss curve was given in Figure 4. This curve allows for 

estimation of heat loss during the flow boiling experiments.  

 
Fig. 4. Heat loss calibration curves. 
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The htp is calculated using the following expression:  

 
a ls

tp

ht w sat

q q
h

A T T





     (3) 

In this relationship, Aht represents the total wetted area, and Tsat 

denotes the saturation temperature. Wall temperature is 

determined according to data obtained from related thermocouple 

(seventh thermocouple for this study), placed near channel outlet 

(Tw: wall temperature). Local surface temperature is obtained 

with a one-dimensional heat conduction approximation as 

follows:  

V

w st eff

L
T T q

k

 
   
 

     (4) 

Here, Tst is the actual temperature obtained from thermocouple, 

and k is conductivity of the copper. Parameter LV signifies fixed 

vertical distance (0.5 mm) between sensor tip and bottom wall of 

channels. A crucial indicator of two-phase flow regime is vapor 

quality. Obtained through an energy balance analysis as expressed 

in the following relationship: 

 
1 eff pa n

e p sat i

lv e

q A L
x c T T

h mL

 
   

 
                  (5) 

In this expression, Ln denotes the distance measured from the 

channel entrance, while Le (40 mm) represents the effective 

heated length. It is important to note that Ln is 35 mm for this 

study. Regarding the fluid properties, hlv corresponds to enthalpy 

of vaporization, and cp and Ti signify specific heat capacity and 

fluid inlet temperature, respectively. 

 Regarding experimental accuracy, uncertainty study was 

applied using procedure proposed by Kline and McClintock [22]. 

Resulting uncertainty values are summarized in Table 1. While 

the maximum uncertainty was calculated as 46.45%, it is 

important to note that this value applies to only a single data point 

characterized by minimal wall superheat (∆Tsat). This elevated 

uncertainty is a result of the mathematical calculation with a small 

temperature difference, rather than experimental inconsistency; 

therefore, this data point represents a valid condition and was 

included in the study. Despite including this high value, the 

average uncertainty for the entire data set remains low at 4.76%. 

Moreover, apart from this single instance, the maximum 

uncertainty for the remaining data points does not exceed 9.60%, 

confirming that the experimental reliability is consistently high 

across the operating range. 

Table 1. Uncertainty values. 

3. RESULTS AND DISCUSSION 

Experimental results regarding the cross-configured micro-

pin-finned heat sink are presented and discussed under the 

following heading. The data set is based on experiments 

conducted using the experimental apparatus described previously. 

Thermo-fluidic behaviors were evaluated under certain inlet 

temperature (Ti=74.5 °C), while mass flux was varied at three 

distinct levels (G=174, 234 and 294 kg m-2 s-1). Cooling 

performance was assessed with varying heating powers (100 to 

300 W). The well-known thermal characteristics, namely, htp was 

detailed in the following subsections. Furthermore, the 

experimental values of htp were compared with existing 

correlations from literature to assess their applicability. Based on 

this comparative analysis, a novel empirical correlation was 

proposed to predict htp with higher accuracy for specific pin-

finned geometry investigated. 

 

3.1. Wall Superheat Versus Heat Flux 

Figure 5 illustrates flow boiling curves (saturated conditions) 

of the cross-configured micro-pin-finned heat sink. Variation of 

q''eff  with respect to the wall superheat (∆Tsat= Tw - Tsat) is plotted 

for three different mass flux values (G=174, 234 and 294 kg m-2 

s-1). Experiments were performed by gradually increasing applied 

heating power (qa) from 100 to 300 W (as effective heat flux range 

of 148.5 to 460.1 kW m-2). 

 
Fig. 5. Wall superheat changes with effective heat flux. 

 

As observed in the figure, the boiling curves exhibit a steep 

and monotonic trend, indicating highly efficient heat dissipation 

capabilities of the studied geometry. Even at the maximum 

applied power of 300 W ( effq  = 460.1 kW m-2), the wall superheat 

was maintained below 10°C for all tested mass flux conditions. 

This low wall superheat at high heat fluxes demonstrates that 

novel heat sink effectively augments heat transfer without causing 

significant surface temperature excursions. 

A critical observation is the effect of mass flux on the boiling 

performance. It is evident that, for G=174 and 234 kg m-2 s-1, 

boiling curves essentially merge into single trend line at relatively 

low to medium heat fluxes, showing no significant deviation from 

one another. 

Quantity  Values 

Temperature T ±0.1 °C 

Heating power qap ±0.6 % Reading scale 

  (min. – max. – avg.) 

Mass flux G 2.60% – 2.69% – 2.64% 

Effective heat flux effq  2.74% – 3.02% – 2.89% 

Heat transfer coefficient htp 1.32% – 46.45% – 4.76% 
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 (a)     (b)     (c) 

 
(d)     (e)     (f) 

 
(g)     (h)     (i) 

Fig. 6. Examples of flow images obtained during experiments.  

 

     With increasing heat load, the advantage of relatively higher 

values of mass flux appears, and quantitatively, as detailed in the 

experimental data, at the peak heat flux of 460.1 kW m-2, 

increasing G from 174 to 294 kg m-2 s-1 resulted in a reduction in 

wall superheat from 9.9 °C to 8.9 °C. Moreover, for the highest 

value of mass flux (294 kg m-2 s-1), data points (wall superheat 

values) are on the left of those obtained for 174 and 234 kg m-2 s-

1, which shows that higher thermal performance for given 

conditions is obtained at the highest value of mass flux. Also, the 

mentioned behavior shows that the dependence of the wall 

superheat in a micro flow boiling system (for cross-configured 

micro-pin-finned heat sinks) on mass flux changes with both the 

mass flux level and the applied thermal load. Therefore, it can be 

concluded that both the nucleate boiling and the convective 

boiling play role at different levels in thermal performance of 

cross-configured micro-pin-finned heat sinks under flow boiling 

conditions. To improve the above-mentioned discussion, flow 

images obtained via a high-speed camera are presented in Figure 

6. 
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3.2. Trend and Magnitude of Heat Transfer Coefficient 

Figure 7 presents variation of htp as a function of q''eff for mass 

fluxes of G=174, 234 and 294 kg m-2 s-1, respectively. The 

experimental data reveals distinct trends regarding effects of 

heating power and flow inertia on the thermal performance. A 

general decreasing trend in htp is observed with increasing q''eff  for 

all G. For instance, at the lowest mass flux (G=174 kg m-2 s-1), 

drops from 110.1 kW m-2 K-1 at 148.5 kW m-2 to 43.1 kW m-2 K-1 

at the peak heat flux of 460.1 kW m-2. This behavior is 

characteristic of flow boiling in confined micro-geometries. As 

the heat flux increases, vapor bubbles grow with increasing 

acceleration and become confined within the micro-gaps. 

Therefore, bubble suppression occurs and the population of vapor 

bubbles decreases. Furthermore, the increasing vapor content in 

the flow region plays a role in the reduction of heat transfer 

performance due to the relatively low heat transfer coefficients 

associated with vapor flow. 

However, the beneficial effect of mass flux is clearly evident. 

As shown in Figure 7, htp consistently improves with increasing 

mass flux. At the maximum effective heat flux of 460.1 kW m-2, 

increasing the mass flux from 174 to 294 kg m-2 s-1 resulted in an 

increase in htp from 43.1 to 48.0 kW m-2 K-1. This enhancement 

can be attributed to the increased flow velocity, which facilitates 

the removal of vapor bubbles from the pin-fin surfaces and 

promotes surface re-wetting, thus mitigating the effects of partial 

dry-out. A notable observation is the exceptionally high heat 

transfer coefficient recorded for G = 294 kg m-2 s-1 at the onset of 

the experiments ( effq   = 148.5 kW m-2), reaching a value of 583.5 

kW m-2 K-1. This peak corresponds to the minimal wall superheat 

of approximately 0.2 °C observed in the boiling curves discussed 

in the previous section. This indicates that at lower heating power 

and higher mass fluxes, the cross-configured micro-pin-finned 

structure provides extremely efficient nucleation and bubble 

detachment, minimizing the wall temperature rise effectively.  

 
Fig. 7. Heat transfer coefficient versus effective heat flux. 

3.3. Existing Correlations for htp 

To comprehensively assess the predictability of flow boiling 

heat transfer in the cross-configured micro-pin-finned heat sink, 

experimental htp obtained in the present study were benchmarked 

against selected well-established correlations.  

The heat transfer mechanism in micro-pin fin is governed by a 

complex interplay between nucleate boiling and forced 

convection, which often renders conventional correlations 

inapplicable. In this context, Gungor and Winterton [7] 

established a fundamental general correlation based on the 

superposition principle, serving as a classic baseline for 

evaluating flow boiling performance. Addressing the specific 

characteristics of confined flows, Kim and Mudawar [10] 

proposed a universal correlation for mini and micro-channels 

using an asymptotic superposition method, which is widely 

regarded as a robust benchmark in the field. More recently, 

Yubing et al. [17] investigated flow boiling in mini-channels with 

pin-fin and highlighted significant challenges in accurately 

predicting htp in such complex geometries, emphasizing the 

necessity for modified or structure-specific correlations. Based on 

these findings, a diverse set of correlations was selected for the 

present evaluation to ensure a robust comparison. These include 

models representing different underlying physics, ranging from 

classical Chen-type superposition models [23] to those 

specifically tailored for micro-pin-fin enhanced geometries. Table 

2 summarizes the mathematical expressions and the applicable 

ranges of the correlations employed in this comparison.  
MAE is used to determine the deviation between the 

experimental results (htp) and the predicted values (htp, pred.), 

defined as:  

1

1
100

n
pred .,i tp ,i

i tp ,i

h h
MAE x %

n h


                     (6) 

where n represents total number of data. Figure 8 (a-c) 

compares the experimental htp with the predictions of the 

correlations mentioned in Table 2. The corresponding MAE 

values for each condition are summarized in Table 3.  
As observed from the figures, the classical correlation of 

Gungor and Winterton [7] consistently underpredicts htp at low 

heat fluxes and overpredicts it at medium to high heat fluxes. 

More importantly, it exhibits a monotonically increasing trend 

with heat flux (e.g., rising from 35.2 to 88.5 kW m-2 K-1 at G=174 

kg m-2 s-1), which completely contradicts the decreasing trend 

observed in the experimental data. This discrepancy arises 

because the Gungor and Winterton [7] model relies on 

enhancement factors that scale positively with heat flux (via 

Boiling number), failing to account for the suppression of heat 

transfer due to partial dry-out or vapor bubble suppression in 

confined micro-pin-fin geometries. Consequently, the MAE 

values for this model are substantially high, reaching up to 

105.3% at higher heat loads. 

Kim and Mudawar [10] correlation, proposed specifically for 

mini/micro-channels, provides a more conservative prediction. It 

generally underpredicts experimental data, particularly in the low 

heat flux region where the experimental htp values are very high 

(due to low wall superheat). However, at higher heat fluxes (q''eff > 

300 kW m-2), its predictions converge remarkably well with the 
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experimental results, achieving MAE values as low as 1.8 % at 

300 W for G=174 kg m-2 s-1.Despite this, the model predicts a 

slight increase or constant trend in htp with heat flux, which still 

deviates from the experimentally observed degradation trend. 

Among the selected models, the correlation proposed by 

Yubing et al. [17] is the only one that qualitatively captures the 

decreasing trend of htp with increasing heat flux. As shown in 

Figure 8, both the experimental data and Yubing et al.'s  [17] 

predictions exhibit a sharp decline in the low-to-moderate heat 

flux region. This suggests that the inclusion of pin-fin specific 

parameters and the consideration of flow structure interactions in 

Yubing et al.'s [17] model better represent the physics of the 

degradation mechanism. However, quantitatively, the model 

tends to significantly overpredict htp  in the low heat flux region 

for medium to high mass velocities (e.g., MAE > 150 % at certain 

points), likely due to the sensitivity of its empirical constants to 

the specific geometric parameters of the pin fins used in their 

study versus the present work. 

 A detailed statistical evaluation highlights the limitations of 

the existing correlations in predicting the experimental data for 

the present micro-pin-finned geometry. As evidenced by the error 

analysis, both the Gungor and Winterton [7] and Kim and 

Mudawar [10] correlations managed to predict only 9 out of 27 

data points (33.3%) within the ±30% deviation band. Similarly, 

the correlation by Yubing et al. [17], despite capturing the 

degradation trend, provided acceptable predictions (≤ 30 % MAE) 

for only 11 data points (40.7%). These low success rates further 

underscore the necessity of developing a modified correlation to 

ensure reliable prediction accuracy across the full range of 

operating parameters. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 8. Comparison of htp with predictions of Gungor and 

Winterton [7] (a), Kim and Mudawar [10] (b) and Yubing et al. 

[17] (c) 

 

In summary, none of the existing correlations could accurately 

predict the heat transfer performance over the entire range of 

present operating conditions. The large deviations indicate a need 

for a new predictive model tailored to the specific thermal-

hydraulic behavior of the cross-configured micro-pin-finned heat 

sink. 

 

3.4. New Correlations for Heat Transfer Coefficient 

The comparative analysis in the previous section highlighted 

that existing correlations could not adequately predict the heat 

transfer performance of the cross-configured micro-pin-finned 

heat sink performed in this study. The complex flow interactions 

induced by the specific layout of the pin fins, necessitate a more 

specialized empirical model. 
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Table 2. Correlations from literature. 

 

To address this, a new correlation was developed using a 

multivariate regression analysis. The coefficients of the proposed 

equation were determined employing the nonlinear least squares 

estimation method to minimize the deviation between the 

predicted and experimental values. The reliability of the 

correlation was evaluated based on 27 experimental data points 

using statistical criteria including the Coefficient of 

Determination (R2), Root Mean Square Error (RMSE), and Mean 

Absolute Error (MAE). The analysis yielded an R2 of 0.98, an 

RMSE of 12.84 kW m-2K-1, and an MAE of 13.0%. These results 

indicate that the developed correlation demonstrates excellent 

agreement with the experimental heat transfer coefficients and 

provides high accuracy within the parameters studied. Unlike the 

superposition-based models, a power-law form was adopted to 

explicitly correlate htp with relevant dimensionless groups (Re, 

Bo, We, Pr) and the specific geometric parameters of the heat 

sink. The proposed correlation for the htp is given by: 

0 141
5 014 3 309 0 205

2

2 488

1

2 719
0 20974

.
. . .

l l

tp ..

l e

Re Bo Pr AR
h .

ARWe x

 
  

 
  (7) 

This equation accounts for the effects of fluid inertia (Rel), 

boiling intensity (Bo), fluid properties (Prl), surface tension forces 

(Wel), and vapor quality (xe). Distinctively, it incorporates two 

geometric area ratios to capture the specific design features of the 

heat sink: 

1

o

i

A
AR

A
        (8) 

Equation (8) represents the ratio of the cross-sectional area of 

outlet and inlet, accounting for flow expansion or contraction 

effects. Equation (9) represents the surface enhancement ratio, 

defined as the total heat transfer area (Aht) divided by platform 

area (Apa). 

2

ht

pa

A
AR

A
        (9) 

Figures 9, and 10 illustrate the agreement between 

experimental htp and the predictions of the proposed correlation. 

The model demonstrates exceptional accuracy across the entire 

range of operating conditions, with data points tightly clustered 

around the diagonal line. As detailed in the error analysis table, 

the MAE for the entire dataset is 13.0%. Notably, 26 out of 27 

data points (96.3%) fall within the ±30% deviation band, with 

only a single point at highest heat flux. This confirms that 

proposed power-law correlation, augmented with geometric area 

ratios, provides a robust and accurate tool for predicting flow 

boiling heat transfer in cross-configured micro-pin-finned heat 

sinks. The correlation’s accuracy was also verified across 

different mass flux ranges to ensure its reliability under varying 

operating conditions. Table 4 lists the statistical parameters, 

including R, RMSE, and MAE, calculated specifically for mass 

fluxes. 
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Table 3. Experimental and predicted heat transfer coefficients 

with MAE. 

 

 
Fig. 9. Comparison of experimental and predicted htp. 

 
(a) 

 
(b) 

 
(c) 

Fig. 10. Comparison of experimental and predicted htp  at G=174 kg m-2 

s-1 (a), G=234 kg m-2 s-1 (b), and G=294 kg m-2 s-1 (c). 

 

Experimental Predictions 

   

Gungor and 

Winterton 

[7] 

Kim and 

Mudawar 

[10] 

Yubing  

et al. 

 [17] 

q''eff G htp htp MAE    htp   MAE        htp MAE 

148.5 174 110.1 35.2 68.0% 31.5 71.4% 56.1 49.0% 

187.4 174 77.7 43.4 44.1% 33.2 57.2% 37.5 51.7% 

226.4 174 64.1 51.1 20.3% 34.9 45.6% 29.5 54.0% 

265.4 174 55.9 58.3 4.3% 36.3 35.1% 26.1 53.4% 

304.3 174 54.6 65.1 19.3% 37.7 31.0% 24.6 55.0% 

343.3 174 50.9 71.4 40.3% 38.9 23.6% 24.4 52.0% 

382.2 174 48.8 77.4 58.7% 40.0 17.9% 25.2 48.3% 

421.2 174 45.7 83.2 82.2% 41.2 9.7% 27.4 40.1% 

460.1 174 43.1 88.5 105.3% 42.3 1.8% 30.8 28.6% 

148.5 234 118.6 33.0 72.2% 27.9 76.5% 197.0 66.0% 

187.5 234 78.0 41.5 46.8% 30.0 61.6% 111.5 43.0% 

226.4 234 64.8 49.3 23.9% 31.7 51.0% 76.6 18.3% 

265.4 234 58.5 56.5 3.4% 33.3 43.0% 59.1 1.0% 

304.3 234 55.7 63.6 14.1% 34.9 37.4% 48.4 13.3% 

343.3 234 53.5 70.3 31.4% 36.4 32.0% 42.0 21.6% 

382.3 234 50.3 76.6 52.2% 37.8 24.9% 38.0 24.5% 

421.2 234 48.4 82.6 70.6% 39.1 19.3% 35.6 26.5% 

460.2 234 46.4 88.5 90.9% 40.4 12.8% 34.0 26.7% 

148.7 294 583.5 31.0 94.7% 25.0 95.7% 533.1 8.6% 

187.7 294 115.9 39.2 66.2% 27.0 76.7% 298.8 157.9% 

226.6 294 74.8 47.4 36.7% 29.1 61.2% 187.2 150.3% 

265.6 294 65.1 54.9 15.7% 30.8 52.6% 134.2 106.1% 

304.4 294 58.5 62.1 6.2% 32.5 44.4% 102.9 75.9% 

343.3 294 54.9 68.8 25.4% 34.1 37.9% 84.7 54.2% 

382.3 294 52.5 75.2 43.4% 35.5 32.3% 72.4 38.1% 

421.2 294 49.7 81.2 63.5% 36.8 25.9% 64.3 29.5% 

460.2 294 48.0 87.4 81.9% 38.3 20.3% 57.3 19.4% 
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Table 4. Statistical performance of the proposed correlation 

across different mass flux ranges. 

 

4. CONCLUSION 

In this study, saturated flow boiling in a cross-configured 

micro pin-fin heat sink was examined experimentally under 

steady conditions. Measurements were performed for G = 174, 

234, and 294 kg m-2 s-1, together with effq between 148.5 and 

460.1 kW m-2. The results were compared with widely used 

correlations from the literature, and a new empirical correlation 

was developed to improve prediction accuracy. The main findings 

are summarized as follows: 

 A general decreasing trend in htp is observed with increasing 

effq  for all G. As the heat flux increases, vapor bubbles grow 

with increasing acceleration and become confined within the 

micro-gaps. Therefore, bubble suppression occurs and the 

population of vapor bubbles decreases. Furthermore, the 

increasing vapor content in the flow region plays a role in the 

reduction of heat transfer performance due to the relatively low 

heat transfer coefficients associated with vapor flow. 

 For G=174 and 234 kg m-2 s-1, boiling curves essentially merge 

into single trend line at relatively low to medium heat fluxes, 

showing no significant deviation from one another. With 

increasing heat load, the advantage of relatively higher values 

of mass flux appears, and quantitatively, as detailed in the 

experimental data, at the peak heat flux of 460.1 kW m-2, 

increasing G from 174 to 294 kg m-2 s-1 resulted in a reduction 

in wall superheat from 9.9 °C to 8.9 °C. Moreover, for the 

highest value of mass flux (294 kg m-2 s-1), data points (wall 

superheat values) are on the left of those obtained for 174 and 

234 kg m-2 s-1, which shows that higher thermal performance for 

given conditions is obtained at the highest value of mass flux.  

 None of the correlations investigated could accurately predict 

the heat transfer performance over the entire range of present 

operating conditions. Gungor and Winterton [7] and Kim and 

Mudawar [10] correlations managed to predict only 9 out of 27 

data points (33.3%) within the ±30% deviation band. Similarly, 

the correlation by Yubing et al. [17], despite capturing the 

degradation trend, provided acceptable predictions (≤ 30 % 

MAE) for only 11 data points (40.7%). The large deviations 

indicate a need for a new predictive model tailored to the 

specific thermal-hydraulic behavior of the cross-configured 

micro-pin-finned heat sink.  

 The proposed new correlation in this study demonstrates 

exceptional accuracy across the entire range of operating 

conditions, with data points tightly clustered around the 

diagonal line. The MAE for the entire dataset is 13.0%. Notably, 

26 out of 27 data points (96.3%) fall within the ±30% deviation 

band.  
 

Acknowledgement 

All authors gratefully acknowledge the support provided by 

TUBITAK through Project No. 219M142. 

 

References 

[1] S. Wang, G. Xia, L. Cheng, and D. Ma, “Experimental study and 

visualization of flow boiling in open microchannels with laser-etched 

micro-nanoscale composite fins,” Int J Heat Mass Transf, 246(127068), 

p.p. 1-17, Aug. 2025. 

[2] B. Li, X. Wang, L. Tam, M. Zeng, and Q. Wang, “Impact of 

inclination angle on flow boiling heat transfer of refrigerants in elliptical 

mini-channel with micro fins,” Appl Therm Eng, 269(126184), Part C,  

Jun. 2025,  

[3] T. M. Bandhauer and T. A. Bevis, “High heat flux boiling heat 

transfer for laser diode arrays,” in Proceedings of the ASME 2016 14th 

International Conference on Nanochannels, Microchannels, and 

Minichannels, Washington: ASME, Jul. 2016. [Online]. Available: 

https://asmedigitalcollection.asme.org/ICNMM/proceedings-

abstract/ICNMM2016/50343/V001T04A002/246055, Acces 

date: 12.12.2025. 

[4] R. Jafari, M. Z. Targhi, M. M. Heyhat, and R. Maddahian, “Thermal 

performance of flow boiling in hexagonal micro pin-fins: Towards 

effective electronic cooling solutions,” International Communications in 

Heat and Mass Transfer, 167(109236), Sep. 2025. 

[5] S. Lin, K. Sefiane, and J. R. E. Christy, “Prospects of confined flow 

boiling in thermal management of microsystems,” Appl Therm Eng, 

22(7) pp. 825–837, 2002.  

[6] P. T. Garrity, J. F. Klausner, and R. Mei, “A flow boiling 

microchannel evaporator plate for fuel cell thermal management,” Heat 

Transfer Engineering, 28(10), pp. 877–884, 2007.  

[7] K. E. Gungor and R. H. S. Winterton, “A general correlation for flow 

boiling in tubes and annuli,” Int J Heat Mass Transf, 29 (3), pp. 351–358, 

1986. 

[8] W. Qu and A. Siu-Ho, “Measurement and prediction of pressure 

drop in a two-phase micro-pin-fin heat sink,” Int J Heat Mass Transf, 52 

(21–22), pp. 5173–5184, Oct. 2009. 

[9] W. R. Chang, C. A. Chen, J. H. Ke, and T. F. Lin, “Subcooled flow 

boiling heat transfer and associated bubble characteristics of FC-72 on a 

heated micro-pin-finned silicon chip,” Int J Heat Mass Transf, 53 (23–

24), pp. 5605–5621, Nov. 2010. 

[10] S. M. Kim and I. Mudawar, “Universal approach to predicting 

saturated flow boiling heat transfer in mini/micro-channels – Part II. 

Two-phase heat transfer coefficient,” Int J Heat Mass Transf, vol. 64, pp. 

1239–1256, Sep. 2013. 

[11] C. A. Konishi and W. Qu, “Toward a generalized correlation for 

liquid-vapor two-phase frictional pressure drop across staggered micro-

pin-fin arrays,” International Communications in Heat and Mass 

Transfer, vol. 75, pp. 253–261, Jul. 2016. 

[12] X. Yu, C. Woodcock, Y. Wang, J. Plawsky, and Y. Peles, 

“Enhanced Subcooled Flow Boiling Heat Transfer in Microchannel with 

Piranha Pin Fin,” J Heat Transfer, 139 (11), 112402, Nov. 2017. 

[13] Y. Zhang, J. Zhou, W. Zhou, B. Qi, and J. Wei, “CHF correlation 

of boiling in FC-72 with micro-pin-fins for electronics cooling,” Appl 

Therm Eng, vol. 138, pp. 494–500, Jun. 2018. 

[14] Y. Zhang, B. Liu, J. Zhao, Y. Deng, and J. Wei, “Experimental 

study of subcooled flow boiling heat transfer on micro-pin-finned 

surfaces in short-term microgravity,” Exp Therm Fluid Sci, vol. 97, pp. 

417–430, Oct. 2018. 

G [kg m-2 s-1] R RMSE [kW m-2 K-1] MAE [%] 

174 0.81 14.63 18.80% 

234 0.98 11.71 8.80% 

294 1.00 11.97 12.30% 

https://asmedigitalcollection.asme.org/ICNMM/proceedings-abstract/ICNMM2016/50343/V001T04A002/246055
https://asmedigitalcollection.asme.org/ICNMM/proceedings-abstract/ICNMM2016/50343/V001T04A002/246055


A. Evcimen, B. Markal, Turk. J. Electromec. Energy, 10(3) 101-111 (2025)    

111 

[15] B. Yuan, Y. Zhang, J. Zhou, L. Liu, and J. Wei, “Critical heat flux 

prediction model for flow boiling on micro-pin-finned surfaces,” Int J 

Heat Mass Transf, vol. 154, 119693, Jun. 2020. 

[16] J. Li, D. Zhang, W. Yubing, W. Chen, and G. Zhu, “Pressure drop 

of R134a in mini channels with micro pin fins during flow boiling,” Appl 

Therm Eng, 217(119195), Nov. 2022. 

[17] W. Yubing, J. Li, D. Zhang, W. Chen, and G. Zhu, “Investigation 

of the flow boiling performance in mini channel with micro pin fin,” 

Heat and Mass Transfer/Waerme- und Stoffuebertragung, 59(8), pp. 

1543–1563, 2023. 

[18] B. Markal, A. Evcimen, and Y. E. Karabacak, “Adaptation of 

machine learning models to saturated flow boiling in cross-

collector/distributor heat sink with pin-fins under transient and variable 

thermal loads,” International Communications in Heat and Mass 

Transfer, 172 (1), 110141, 2026. 

[19] L. Qin, X. Zhang, J. Hua, X. Zhao, and S. Li, “Flow boiling 

performance and bubble behaviors of non-closed droplet micro pin-fin 

arrays,” International Communications in Heat and Mass Transfer,  

133(105918) Apr. 2022. 

[20] B. Markal, A. Evcimen, and O. Aydin, “Effect of inlet temperature 

on flow boiling behavior of expanding micro-pin-fin type heat sinks,” 

International Communications in Heat and Mass Transfer, 

149(107143), Dec. 2023. 

[21] B. Markal, Y. E. Karabacak, and A. Evcimen, “Machine-learning-

based modeling of saturated flow boiling in pin-fin micro heat sinks with 

expanding flow passages,” International Communications in Heat and 

Mass Transfer, vol. 158, 107870 ,Nov. 2024. 

[22] S. J. Kline and F. A. McClintock, “Describing uncertainties in 

single-sample experiments,” Mech. Eng., pp. 3–8, 1953. 

[23] J. C. Chen, “Correlation for Boiling Heat Transfer to Saturated 

Fluids in Convective Flow,” Industrial & Engineering Chemistry 

Process Design and Development, vol. 5 (3), pp. 322–329, 1966. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Biographies   

Alperen Evcimen is a research assistant of 

the department of Mechanical Engineering, 

Recep Tayyip Erdogan University, Rize, 

Türkiye. He received his master’s degree in 

mechanical engineering from Hitit 

University. He is a Ph.D. candidate at Recep 

Tayyip Erdogan University. His research 

interests include single-phase flow, flow 

boiling and heat transfer in microchannels.  

E-mail: alperen.evcimen@erdogan.edu.tr 

 

Burak Markal is a full professor of the 

department of Mechanical Engineering, 

Karadeniz Technical University, Trabzon, 

Türkiye. He received his Ph.D. degree in 

mechanical engineering from Karadeniz 

Technical University. His research interests 

include microfluidics, flow boiling in 

microchannels, heat pipes, vortex tubes, 

cooling of electronic components, single and two phase flows in 

microchannels, impinging jets, swirling flows, enhancement of 

heat transfer and thermo-fluidic systems.  

E-mail: burakmarkal@ktu.edu.tr 

  

mailto:alperen.evcimen@erdogan.edu.tr
mailto:burakmarkal@ktu.edu.tr

