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Abstract: 

This paper presents a combined experimental and numerical investigation of single-phase water flow and heat transfer in serpentine 

rectangular microchannels embedded in a heated copper block. The performance of four different microchannel heat sink (MCHS) 

configurations are investigated experimentally, the first having an array of straight rectangular microchannels (SRMs), while the 

other have single (SPSMs), double (DPSMs) and triple path multi-serpentine rectangular microchannels (TPSMs). Three-

dimensional conjugate heat transfer models are developed for both laminar and turbulent single-phase water flows in each of these 

MCHSs and the governing flow and energy equations solved numerically using finite elements. The numerical predictions of 

pressure drop (ッ鶏) and average Nusselt number (軽憲銚塚直) are in good agreement with experimental data, and indicated that the single 

path serpentine microchannel (SPSM) leads to a 35% enhancement of the 軽憲銚塚直 at a volumetric flow rate of ど┻の 健【兼件券 and a 19% 

reduction in total thermal resistance (迎痛朕) compared to the conventional SRM heat sink. However, this enhancement is at the expense 

of a large (up to ten-fold) increase in ッ鶏 compared to the SRM heat sink, so that a suitable compromise must be struck between heat 

transfer and pressure drop in practical MCHS designs. 

Keywords:  Experiments, Conjugate Heat Transfer, CFD, Serpentine MCHS. 

1. Introduction 

The increasing density of transistors in electronic components and products is leading to an inexorable rise in the heat 

dissipation that must be achieved in order to preserve reliability and performance. The International Technology 

Roadmap for Semiconductors (ITRS) in 2010, for example, predicted a continuous increase in transistor density to reach 

10 billion transistors/cm2, by 2018 [1]. For this reason, improving the thermal management of electronic devices is a 

crucial goal for future generation of electronic systems. Single-phase microchannel heat sinks (MCHSs) with water as a 

coolant are an increasingly common means of cooling electronic devices because of their ability to provide very high 

convective heat transfer fluxes. Single-phase MCHSs rely on sensible heating achieve the cooling, where high heat 

transfer coefficients (月) can be achieved simply by using small microchannel dimension [2]. Flow boiling (Two-phase 

flow) MCHSs, on the other hand, have also received much attention from researchers due to their ability to dissipate 

high heat fluxes with lower pumping powers compared with single-phase liquid MCHSs, by utilising the coolant's latent 

heat [3]. However, pressure fluctuations and flow reversal associated with flow boiling instabilities can reduce the heat 

transfer characteristics in MCHS [4]. 

The use of single-phase MCHS was proposed by Tuckerman and Pease [5] in 1981, who used a water-cooled heat sink, 

fabricated with an array of SRMs etched in a 1cm2 silicon wafer. Their pioneering work stimulated many researchers to 

investigate the fluid flow and thermal performance of the MCHS using different substrate materials with various cooling 

liquids, see e.g. the recent review of Salman et al. [6] Another major milestone was the experimental study of Phillips 

[7] on rectangular MCHS test section with an Indium Phosphide heat sink substrate and water as a coolant. Subsequently, 

a computer model was developed to predict the thermal and flow characteristics of this MCHS, under fully developed 
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and developing flow conditions for both laminar and turbulent flow regimes. The numerical results agreed very well 

with the experimental data, and demonstrated that total thermal resistance (迎痛朕 ) less than 0.1°C/(W/cm2) can be 

achieved, albeit with pressure drops in excess of 2.5 bar. Peng and Peterson [8,9] investigated experimentally the forced 

convective heat transfer and pressure drop for water flows in SRMs having hydraulic diameters between 0.133mm and 

0.367 mm and water velocities between 0.2 and 12m/s. They created empirical heat transfer correlations for both the 

laminar and turbulent flow regimes which indicated that the geometric configuration of the MCHS (specifically the 

aspect ratio (茎頂朕 激頂朕エ ), hydraulic diameter (経朕), and ratio of hydraulic diameter and microchannel centre-to-centre 

distance (経朕 激頂エ )) were very influential. 

Qu and Mudawar [10] conducted numerical investigation of the fluid flow and heat transfer in a rectangular MCHS 

similar to that used in the experimental work carried out by Kawano et al. [11]. They observed that the Nusselt number 

(軽憲) and heat flux had much higher values in the region near the channel inlet due to the thin thermal boundary layer in 

the developing region, and its value varied around the channel periphery, approaching zero in the corners where the flow 

is weak. Heat sinks with rectangular [5,7-11], trapezoidal [12-14], triangular [15] and circular microchannels [16-18] 

have been studied extensively, however a small number of experimental studies have demonstrated that other novel 

shapes, including U-shaped [19], wavy [20,21], tortuous [22,23] and serpentine [24] channels, can offer attractive 

performance advantages. A number of other channel shapes such as zigzag, curvy and step-shaped channels have been 

investigated numerically by Mohammed et al. [25,26]. This showed that the heat transfer performance of these were 

superior to those of straight and wavy channels, with the zigzag channel having the highest friction factor and pressure 

drop penalty followed by the curvy and step-shaped channels. These studies have demonstrated that convective heat 

transfer in the laminar flow regime can be enhanced by inducing recirculating flow in the microchannels. For curved 

channels, the eddies generated by centrifugal forces can enhance mixing and the resultant convective heat transfer [21]. 

Recently Chen et al. [27] used numerical and experimental method to study thermal resistance (迎痛朕) and pressure drop 

(ッ鶏) in a single path serpentine MCHS. By parametrising the MCHS using four design variables, namely, the number 

of channels, width of channel, height of channel and inlet flow velocity, they explored the dependence of both  迎痛朕 and ッ鶏 on these parameters.  

This paper presents the first comprehensive experimental and numerical investigation of the thermal and hydraulic 

performance of water flows within DPSM and TPSM. The performance of two designs are compared experimentally 

and numerically with both of the conventional SRM and SPSM heat sinks in terms of ッ鶏, 迎痛朕 and 軽憲, for a wide range 

of water flow rates. The paper is organised as follows: The MCHSs of interest, experimental apparatus and analytical 

techniques used to determine their heat transfer and flow characteristics are described in section 2. The conjugate heat 

transfer model is described in section 3 and a comprehensive series of experimental and numerical results is presented 

in section 4. Conclusions are drawn in section 5.  

2.  Experimental Methods 

2.1. Experimental set-up and procedure 

A schematic diagram of the main components of the experimental test rig is given in Fig. 1. Water from a 23 litre 

reservoir tank is driven through the flow loop using a miniature diaphragm water pump, passes through a flowmeter 

with constant flow rates ranging from ど┻に 伐 ぬ┻ど 健【兼件券 and an inlet water temperature to the MCHS set to 20°C. The 

mass flow rate is controlled accurately by adjusting the pump speed by regulating the voltage and current supplied by a 
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DC-power supply and using a bypass flow loop and control valve. K-type sheathed thermocouples with 0.5 mm probe 

diameter were inserted into the inlet and outlet plenum of the test section to measure the water temperature at the 

microchannel inlet and outlet respectively. The total pressure drop between the inlet and outlet plenum of the MCHS 

models was measured using a digital pressure meter (model Comark C9555) having a range of 0 to 2.1 bar. Two power 

film resistors of resistance 20 っ (MP9100 (TO-247)), mounted at the bottom of the MCHS, were used as a heat source 

with the maximum power reaching 100W for each one. The voltage and current input to the power film resistor heater 

was controlled by a DC power supply unit with an output range of 0-35 V and 0-4 A. Clear plastic tubes with an 

outer/inner diameter of 4mm/2.2mm and fittings were used to construct the flow loop. To minimise heat loss to the 

surrounding environment, the MCHS copper block was packed with insulating fibre glass, and then placed inside a clear, 

covered Acrylic Perspex plastic box having dimensions (10×10×10) cm3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.  Design and fabrication of the MCHS test sections 

Four different MCHSs were designed using SolidWorks [28] and manufactured using a high-accuracy Computer 

Numerical Control (CNC) milling machine (FANUC ROBODRIL). Copper was used as a material for the MCHS due 

to its high thermal conductivity of 388W/m.K at 20°C. The entire thickness (茎) of the straight and serpentine MCHS 

designs was 5.5mm and 6.5mm respectively, while all the MCHSs had the same surface area of 45mm×41mm, the same 

base plate thickness (茎長) of 3.5mm and 12 parallel, rectangular microchannels with a 1mm wall thickness (激栂) between 

each microchannel. The microchannel base average surface roughnesses (綱) of all the MCHS models were measured 

using BRUKER-NPFLEX-LA 3D Surface Metrology System, and it was found to be な┻なの 罰 ど┻なの航兼. Around each 

microchannel top there is a groove made for an O-ring seal with a depth and width of 0.7mm and 1.5mm respectively to 

prevent water leakage. 
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Fig. 1: Schematic diagram of experimental setup. 
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The first MCHS test section had a series of parallel channels of rectangular cross section with width (激頂朕), depth (茎頂朕) 

and length (詣頂朕) of 1mm, 2mm and 21mm respectively. The inlet and outlet manifolds of the MCHS were trapezoidal 

in shape and had tapered longitudinal sections for distributing the fluid flowing into and collecting fluid flowing out of 

the microchannels, as shown in Fig. 2. These manifolds were chosen to ensure that each channel had approximately the 

same mass flow rate of water. The other three MCHS test sections had a multi-serpentine rectangular cross section, 

referred to as the single path serpentine microchannel (SPSM), a double path serpentine microchannel (DPSM), and a 

triple path serpentine microchannel (TPSM), as illustrated in Fig. 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Each MCHS was assembled with an Acrylic Perspex plastic sheet cover held onto the copper block by twelve stainless 

steel mounting screws (M3×0.5) and sealed with an O-ring. The force provided by the mounting screws was sufficient 

to seal the channels from the ambient environment and prevent water leakage to the outside of the MCHS models. Two 

5mm circular through holes were drilled on the top side surfaces of the plastic covers and a male run tee union adapter 

Fig. 3: Actual pictures and top view of (a) single, (b) double and (c) triple path 
multi-serpentine rectangular MCHS designs, all dimensions in mm. 
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Fig. 2: Model and actual pictures of the straight rectangular 
MCHS design, all dimensions in mm. 
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fixed on these threaded holes to create inlet and outlet water passages and to allow the inlet and outlet pressure to be 

measured, see Fig. 4. Two power film resistors were then permanently adhered on the bottom side of each MCHS test 

section using a thin consistent layer of thermal Ethoxy (Electrolube, TCER) with thermal conductivity of 2.2 W/m.K. 

The thickness of the thermal Ethoxy layer is measured manually for all the MCHS designs using a digital Vernier caliper, 

and was found to be にどど航兼 罰 は航兼. 

 

 

 

 

 

 

 

 

 

 

 

 

To record the maximum junction temperature of the resistor accurately, a small hole of diameter of 1mm was drilled 

from one side of the resistor until it reaches half the width of the resistor. In order to reduce the likelihood of defects to 

the thermal resistor and to bring a thermocouple as close to the junction temperature as possible, a gap of 0.25mm is left 

from the Nickel-Chromium (Ni-Cr) layer, see Fig. 5. A K-type thermocouple was inserted inside the bored hole in the 

heater surface located at the centre-line of the resistor, and the void filled with thermal Ethoxy material to prevent 

thermocouple movement and to fill the air-gap that existed between the hole and the thermocouple. 

 

 

 

 

To measure the wall temperature distribution along the MCHS sample, four K-type sheathed thermocouples with 0.5 

mm probe diameter were inserted in the copper block at a distance of 1.75mm below the microchannel base until they 

reached half the width of the MCHS specimen. The locations of the thermocouple holes, as measured from the inlet of 

the MCHS and along its length are shown in Fig. 6. Thermal paste was used to fill the holes to ensure accurate 

temperature measurement. 
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Fig. 5: Schematic diagram to measure the junction temperature.  
 

Fig. 4: Exploded view of triple path multi-serpentine MCHS model. 
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2.3.  Experimental measurements and data analysis 

2.3.1   Heat loss measurements 

Before conducting any experiments, the rate of heat loss dissipated from the MCHS specimen to the surroundings via 

natural convection, radiation and conduction was estimated. The maximum average heat loss was estimated to be 

approximately 8% of the input power from each model. This value was obtained from energy balance tests, where the 

enthalpy rise of the water flowing inside the MCHS test sections was compared with the electrical input power supplied 

to the heater. The steady-state sensible heat gain by the working fluid (Water) is given by: 圏 噺 貢捗 ┻ 芸沈津┻ 系喧捗盤劇捗┸墜通痛 伐 劇捗┸沈津匪 噺 撃┻ 荊 伐 圏鎮墜鎚鎚 噺 ど┻ひに岫撃┻ 荊岻                                                                                       (1) 

Where 劇捗┸沈津 and 劇捗┸墜通痛 are respectively the inlet and outlet water temperatures, which are obtained experimentally using 

the two thermocouples mounted upstream and downstream of the microchannels. The 貢捗 and 系喧捗 are respectively the 

density and specific heat capacity of the water, which are determined based on the average of the fluid inlet and outlet 

temperatures (劇捗┸銚塚直 噺 盤劇捗┸沈津 髪  劇捗┸墜通痛匪 にエ ). The V and I represent the voltage and current supplied to the heater by a 

DC-power supply device, respectively, while 圏鎮墜鎚鎚  denotes the heat loss rate. The term 芸沈津  (m3/sec) represents the 

volumetric flow rate of water which is measured with a flowmeter (芸沈津 噺 券┻ 撃頂朕┻ 畦頂朕), where 撃頂朕 denotes the water 

velocity in the microchannel, while 券  and 畦頂朕  respectively represent the number and cross sectional area of the 

microchannel (畦頂朕 噺 茎頂朕 抜 激頂朕), see Fig. 2. 

2.3.2   Heat transfer analysis 

The local heat transfer coefficient (月掴) and the average heat transfer coefficient (月銚塚直) can be calculated from Newton's 

law of cooling as: 月掴 噺 槌津 ┻  凋賑肉肉盤脹葱┸禰迩日貸 脹肉┸猫匪                                                                                                                                                 (2) 

月銚塚直 噺 槌津 ┻  凋賑肉肉盤脹葱┸尼寧虹貸 脹肉┸尼寧虹匪                                                                                                                                         (3) 
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The average channel base temperature can be obtained by (劇栂┸銚塚直 噺 デ 劇栂┸痛頂沈替沈退怠 ねエ ). Since direct measurement of the 

channel base temperature is difficult, it is determined by assuming one-dimensional steady state heat conduction between 

the thermocouple location (建潔件) and the microchannel base in the y direction. Accordingly, the local microchannel base 

temperature (劇栂┸痛頂沈)  can be evaluated by: 劇栂┸痛頂沈 噺  劇槻┸痛頂沈 伐 槻 ┻  槌凋廿┻  賃濡                                                                                                                                                  (4) 

where 劇槻┸痛頂沈  represents the temperature closer to the microchannel base wall which was measured experimentally using 

a thermocouple, the subscript i denotes the location of the thermocouple used to measure the microchannel base 

temperature and 畦朕 is the bottom heated area of the MCHS over which heating is provided by the resistors. In addition, 倦鎚 is the thermal conductivity of the heat sink material and 検 is the distance between the bottom wall of the microchannel 

and the thermocouple embedded to measure 劇槻┻痛頂沈 as shown in Fig. 6. 劇捗┸銚塚直 and 劇捗┸掴 respectively denote the average 

fluid temperature and the local fluid bulk mean temperature at location 捲 along the axial location of the channel: 劇捗┸掴 噺 劇捗┸日韮 髪 掴挑迩廿 盤劇捗┸任祢禰 伐 劇捗┸日韮匪                                                                                                                                   (5) 

In the experiments heat is transferred to the fluid through three microchannel walls only and the fourth wall (Top) is 

assumed to be adiabatic. Hence 畦勅捗捗, the effective surface area available for convective heat transfer per microchannel, 

for the single straight rectangular microchannel can be calculated as: 畦勅捗捗 噺 畦長銚鎚勅 髪 考捗 ┻ 畦捗沈津 噺 詣頂朕盤激頂朕 髪 に茎頂朕 ゲ 考捗匪                                                                                                       (6) 

where 畦長銚鎚勅 represents the bottom area for convection for each microchannel, 畦捗沈津 corresponds to the area of one side 

wall for a single microchannel and 詣頂朕 denotes the microchannel length. The term 考捗 is defined as the fin efficiency 

assuming an adiabatic tip condition which is correlated by: 

考捗 噺 痛銚津朕岫陳┻張迩廿岻陳┻張迩廿        where the fin parameter (兼) is given by      兼 噺 謬 態朕調葱┻賃濡 .                                                           (7) 

The effective heat transfer area of the single path multi-serpentine rectangular MCHS can be obtained by: 畦勅捗捗 噺 岾券┻ 激頂朕 ┻ 詣頂朕 髪 訂態 岫券 伐 な岻岫堅怠態 伐 堅態態岻 髪 に堅怠┻ 激頂朕峇 髪 考捗岫に券┻ 茎頂朕┻ 詣頂朕 髪 講茎頂朕岫券 伐 な岻岫堅怠 髪 堅態岻 髪 ね堅怠┻ 茎頂朕岻     (8)                                                                                      

where 詣頂朕 represents the length of the straight microchannel 盤詣頂朕 噺 詣 伐 に岫激鎚 髪 堅怠岻匪. The symbols 堅怠and 堅態denote the 

outer and inner radius of the curved microchannel respectively, while 激鎚 represents the outside wall thickness as shown 

in Fig. 3(a). For the SRM model 畦勅捗捗 噺1260 mm2, while for the SPSM, DPSM and TPSM models 畦勅捗捗 噺 2143, 2124 

and 2064 mm2, respectively. The average Nusselt number (軽憲銚塚直) of the fluid can be expressed as: 軽憲銚塚直 噺  朕尼寧虹┻ 帖廿  賃肉                                                                                                                                                            (9) 

where 倦捗  represents the fluid thermal conductivity which is evaluated at 劇捗┸銚塚直 , and 経朕 denotes the microchannel 

hydraulic diameter 岾経朕 噺 替凋迩廿牒葱 噺  態 岫調迩廿 ┻  張迩廿岻調迩廿 袋 張迩廿 峇. 
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2.3.3   Pressure drop analysis 

A digital pressure gauge was used to measure the total  pressure drop (ッ鶏痛) directly using two plastic tubes connected 

to the inlet and outlet of the MCHS plenum. The values of ッ鶏痛 for the straight rectangular microchannel (SRM) heat 

sink can be obtained analytically by summing the major and minor pressure losses (ッ鶏痛 噺 ッ鶏頂朕 髪 ッ鶏陳沈津墜追 鎮墜鎚鎚勅鎚). The 

minor losses in the present work have eight components as depicted in Fig. 6. The first two components are due to flow 

of water inside the inlet and outlet tube of the male run tee union positioned on the top of the MCHS cover, while the 

third and fourth components are due to the 90 degree bends, 計苔待, that forms between the outlet of the tube and the inlet 

plenum (header) from the inlet side of the MCHS and the bend that forms between the outlet plenum and the tube inlet 

from the outlet side of the MCHS. The fifth and sixth pressure losses occur respectively due to the sudden expansion 

between the outlet tube and inlet plenum (計勅日韮如賑禰) and the sudden expansion between the microchannel exit and the outlet 

plenum (計勅). Similar pressure losses occur due to sudden contractions to give the last two pressure loss components, the 

first one was at the inlet plenum and microchannel inlet (計頂任祢禰如賑禰) and the second at the outlet plenum and the inlet tube 

(計頂).  

The major component of the pressure drop (ッ鶏頂朕) occuring in the core of the microchannels can be obtained by summing 

two components, the first component is due to the frictional factor in the developing region which occurs in the entrance 

region of the microchannel, while the second component is obtained in the fully developed region in the remaining 

length of the channel, as shown in Fig. 6. For the SRM heat sink, the total pressure drop (ッ鶏痛ｅ聴眺暢) between the inlet and 

outlet MCHS can be expressed as: 

ッ鶏痛ｅ聴眺暢 噺  諦肉ゲ蝶迩廿鉄態 蕃岫に計苔待岻 ゲ 磐凋迩廿凋妊 卑態 髪 計頂 髪 計勅  髪 替捗尼妊妊 ┻挑迩廿帖廿 否 髪 峭貢捗 ゲ 撃痛通長勅態 岾替捗禰祢弐賑┻挑禰祢弐賑帖禰祢弐賑 峇嶌 髪 諦肉ゲ蝶禰祢弐賑鉄態 岾凋禰祢弐賑凋鍋 峇態 盤計勅日韮如賑禰 髪 計頂任祢禰如賑禰匪           (10) 

血銚椎椎 refers to the apparent friction factor and accounts for the pressure drop due to friction and the developing region 

effects [29]. For developing laminar and turbulent flow regimes, 血銚椎椎 can be calculated by using correlation equations 

proposed by Shah [30] and Phillips [7] respectively, see Table 1 in the Supplementary Data (SD), section 1. The plenum 

area of the SRM heat sink design is 79.64mm2, while the length and diameter of the inlet and outlet tube of the male run 

tee union are 25mm and 2.5mm, respectively. The loss coefficient of the sudden expansion (計勅日韮如賑禰) and the sudden 

contraction (計頂任祢禰如賑禰) can be predicted using the simple relationships found in Idelchik [31]: 

計勅日韮如賑禰 噺 岾な 伐 凋禰祢弐賑凋鍋 峇態              欠券穴         計頂任祢禰如賑禰 噺 ど┻ねに 岾な 伐 凋禰祢弐賑凋鍋 峇                                                                           (11)                                                                                                                      

where 畦痛通長勅 and 撃痛通長勅 respectively represent the area (講経痛通長勅態 ねエ ) and velocity (芸沈津 畦痛通長勅エ ) of the male run tee union 

tube. Since the flow inside the tubes was found to be in the turbulent regime for most of the water flow rates used, the 

correlation equation offered by Phillips [7] can be used to evaluate the friction factor. The 計苔待 denotes the bend loss 

coefficient associated with each of the 90° bends at the channel inlet and outlet and Phillips [7] recommended 計苔待 ≈1.2. 

Whereas 計頂 and 計勅   respectively represent the contraction and expansion loss coefficients due to area changes which 

are based on the ratio of the channel area to the plenum flow area (畦頂朕 畦牒エ ) and the flow regime (laminar or turbulent), 

their values can be estimated from the graphical information given for a square channel by Kays and London [32]. 

With regard to the SPSM with 券 channels and a total 券 伐 な fins (U-bends), see Fig. 3(a), the total pressure drop is caused 

by two components, namely pressure drop due to straight channel friction and U-bends. Thus, the total pressure drop for 

the MCHS can be written in general form following [33]: 
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ッ鶏痛 噺 怠態  ┻  貢捗 ┻ 撃頂朕態  岾ね 血銚椎椎 ゲ 挑禰帖廿 髪  デ 行沈津貸怠沈退怠 峇┻                                                                                                                 (12) 

The symbol 行沈  represents the excess loss coefficient of bend 件 in the MCHS, and 詣痛  denotes the total length of the 

channel (The length of both straight and bend channels based on mean radius of curvature of the bend). To calculate the 

value of the excess bend loss coefficient (行), Maharudrayya et al. [33] carried out numerical simulations of laminar 

single-phase flow through 180o bends and serpentine rectangular channels using CFD, and three-regime correlations 

proposed, see SD, section 3. Hence, the total pressure drop for SPSM can be simplified to be: ッ鶏痛ｅ聴牒聴暢 噺  怠態 ゲ 貢捗 ゲ 撃頂朕態 岾ね血銚椎椎 ゲ 挑禰┻帖廿 髪 デ 行沈津貸怠沈退怠 髪 計頂 髪 計勅峇,                                                                                        (13) 

for the double path multi-serpentine rectangular microchannel (DPSM) design, the total pressure drop can be written as: 

ッ鶏痛ｅ帖牒聴暢 噺  諦肉ゲ蝶迩廿鉄態 磐替捗尼妊妊 ┻挑禰帖廿 髪 デ 行沈津貸態沈退怠 髪 計頂 髪 計勅 髪 に計苔待 磐凋迩廿凋妊 卑態卑 髪 貢捗撃痛通長勅態 岾替捗禰祢弐賑┻挑禰祢弐賑帖禰祢弐賑 峇 髪 諦肉ゲ蝶禰祢弐賑鉄態 岾凋禰祢弐賑凋鍋 峇態 盤計勅日韮如賑禰 髪 計頂任祢禰如賑禰匪        (14) 

and the total pressure drops for a triple path multi-serpentine rectangular microchannel (TPSM) design can be expressed 

by: 

ッ鶏痛ｅ脹牒聴暢 噺  諦肉ゲ蝶迩廿鉄態 磐替捗尼妊妊┻挑禰帖廿 髪 デ 行沈津貸戴沈退怠 髪 計頂 髪 計勅 髪 に計苔待 磐凋迩廿凋妊 卑態卑 髪 貢捗撃痛通長勅態 岾替捗禰祢弐賑┻挑禰祢弐賑帖禰祢弐賑 峇 髪 諦肉ゲ蝶禰祢弐賑鉄態 岾凋禰祢弐賑凋鍋 峇態 盤計勅日韮如賑禰 髪 計頂任祢禰如賑禰匪.        (15) 

The Fanning friction factor (血庁) was utilized in this work. It is defined as the ratio of wall friction forces to inertia forces 

and the 血庁 in rectangular microchannels can be rewritten as: 血頂朕 噺 態邸葱諦肉┻ 蝶迩廿鉄 噺  ッ牒迩廿 ┻帖廿態諦肉 ┻  挑迩廿 ┻ 蝶迩廿鉄 噺 調迩廿典 ゲ張迩廿典 ゲッ牒迩廿諦肉 ┻  挑迩廿 ┻町日韮鉄  岫調迩廿袋張迩廿岻                                                                                                     (16) 

where 酵栂 denotes the wall shear stress. The 血庁 occurring inside the curved channel is given by: 血頂通追塚勅 噺   ッ牒迩廿 ┻帖廿態諦肉 ┻  挑迩祢認寧賑 ┻ 蝶迩廿鉄 噺  怠腿待訂ゲ眺迩ゲ提 抜 調迩廿典 ゲ張迩廿典 ゲッ牒迩廿諦肉 ┻町日韮鉄  岫調迩廿袋張迩廿岻                                                                                                   (17) 

where 肯 and 迎頂 are respectively the angle of the channel (in degrees) and radius of curvature, while 詣頂通追塚勅 represents 

the length of the curved channel (詣頂通追塚勅 噺 訂ゲ眺迩ゲ提怠腿待 ).  

2.4. Experimental uncertainty 

In the present work, the ASME standard [34] and the Root-Sum-Square (RSS) method described by Coleman and Steele 

[35] were used to estimate the experimental uncertainties, 戟. In the experiments, an electronic digital Vernier caliper is 

used to measure various geometric dimensions of the MCHS test sections. Uncertainties for various critical parameters 

are tabulated in Table 3 in SD, section 2. 

3.  Mathematical model 

3.1  Governing equations 

Three-dimensional, steady, single-phase water flow and heat transfer in the MCHSs is modelled by assuming the flow 

is incompressible and that the effects of radiation and natural convection are negligible. Flow is modelled using the 

following continuity and Navier-Stokes momentum equations: 椛┻ 掲 噺 ど                                                                                                (continuity equation)                                        (18)  貢捗岫掲┻ 椛岻掲 噺 椛 ゲ 範伐喧掘 髪 航捗岫椛掲 髪 岫椛掲岻脹岻飯 髪 釧                                  (momentum equation for laminar flow)           (19)  
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貢捗岫掲┻ 椛岻掲 噺 椛 ゲ 峙伐喧掘 髪 盤航捗 髪 航脹匪岫椛掲 髪 岫椛掲岻脹岻 伐 態戴 貢倦掘峩 髪 釧        (momentum equation for turbulent flow)         (20)  

Eqs. (19 and 20) are the momentum equations for steady and incompressible for both laminar and turbulent flow regimes. 掲 and 喧 are respectively the fluid velocity vector and the fluid pressure (Pa). The term 釧 is the body force per unit volume 

(N/m3) and 掘 denotes the unit diagonal matrix. The Reynolds number in the tube can be calculated by (迎結 噺 諦肉┻蝶禰祢弐賑┻帖廿禎肉 ) 

and both laminar and turbulent cases are considered. In the present study the standard 倦-降 turbulence model has been 

used [36,37] to provide a robust and accurate model. The 倦-降 model introduces two additional variables: the turbulent 

kinetic energy, 倦 岫兼態 嫌態エ ), and specific dissipation rate, 降 岫な 嫌エ 岻. The transport equations for 倦 and 降 that used in the 

CFD model are based on those given by Wilcox [38]:  貢岫掲┻ 椛岻倦 噺 椛 ゲ 岷岫航 髪 航脹購賃茅岻椛倦峅 髪 鶏賃 伐 貢紅墜茅降倦                                                                                                           (21)                  貢岫掲┻ 椛岻降 噺 椛 ゲ 岷岫航 髪 航脹購摘岻椛降峅 髪 糠 摘賃 鶏賃 伐 貢紅墜降態                                                                                                   (22) 

The production term and the turbulent viscosity are defined by:                                                      鶏賃 噺 航脹岷椛掲┺ 岫椛掲 髪 岫椛掲岻脹岻峅 ,        航脹 噺 貢 賃摘                                                                                                               (23)                      

while the empirical turbulent model constant parameters are (糠 噺 怠戴態泰 ┸ 購賃茅 噺 怠態 ┸ 購摘 噺 怠態 ┸ 紅墜 噺 苔怠態泰 ┸ 紅墜茅 噺 苔怠待待).  

The heat transfer (energy) equations for the liquid and the solid can be expressed respectively as: 貢捗系椎肉掲┻ 椛劇 噺 椛 ゲ 岾盤倦捗 髪 倦脹匪椛劇峇 髪 芸                                                                                                                        (24)    椛 ゲ 岫倦鎚椛劇岻 噺 ど                                                                                                                                                              (25)   

where 系椎肉 and 倦捗 denote the specific heat and thermal conductivity of the fluid respectively, 芸 represents the internal 

heat generation (W/m3) and 倦鎚 represents the thermal conductivity of the solid (heat sink). 倦脹 is the turbulent thermal 

conductivity 磐倦脹 噺 禎畷┻寵妊肉牒追畷 卑, and 鶏堅脹 is the turbulent Prandtl number (using Kays- Crawford [39]). The above flow and 

heat transfer equations are solved using COMSOL Multiphysics version 5.2. 

3.2    Boundary conditions: 

The computational domain and boundary conditions used are highlighted in Fig. 7. Except at the bottom of the MCHS, 

all the outer surface boundaries are considered to be adiabatic. Heating power was supplied at the bottom surface of the 

MCHS using two resistance heaters via (伐仔┻ 岫伐倦椛劇岻 噺 圏 畦朕エ ), where the term 仔 denotes the outward normal vector 

on the boundary of the domain. A thin layer of Ethoxy, with thickness (穴鎮) of にどど 航兼 and thermal conductivity (倦鎮) of 

2.2 W/(m.K), was mounted between the heater and the base of the heat sink. There is no internal heat generation in the 

MCHS, so 芸 噺 ど there, see Eq. (24). 
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No-slip velocity boundary conditions 掲史 噺 ど are used at solid walls and wall temperatures are defined by 劇鎚 噺 劇捗 銚痛 栂銚鎮鎮. At liquid-solid boundaries the heat conduction and convective heat transfer to the fluid are coupled by 

imposing heat flux continuity at the interface between the fluid and the solid walls [10] as shown in Fig. 7(a) , where 劇鎚┸箪 and 劇捗┸箪 are respectively the interface temperature for solid and liquid. 

4. Results 

4.1  Effect of Grid Refinement  

The effects of grid density on the numerical solutions for all MCHS models were tested using four different mesh sizes, 

as indicated in Table 4 in SD, section 4, where grid 1 is the coarsest and grid 4 the finest for each particular MCHS 

model. The predicted values of the temperature between the heater and the heat sink bottom (劇珍通津頂痛沈墜津) and average 

Nusselt number (軽憲銚塚直) for all MCHS models for a water flow rate of ど┻なの 健【兼件券, water inlet temperature set at 20°C 

and input power of 100W are given in Table 4. The deviation percentages, E, are calculated with respect to the solutions 

on grid 4 in each case; these are small (~2%), thus grid 3 is employed for all MCHS computations reported below as a 

suitable compromise between efficiency and accuracy. 

4.2  Numerical Validation 

The numerical model was validated against a number of previous, relevant studies. The first comparison is with the 

numerical and experimental results obtained by Qu and Mudawar [10] and Kawano et al. [11] respectively, who 

considered water flow in a single rectangular microchannel cooling a chip. The water inlet temperature is 20°C and a 

constant heat flux of 90W/cm2 is supplied at the upper boundary. The silicon microchannels have a width and depth of 

57たm and 180たm respectively, with a separating wall of 43たm. A free-tetrahedral mesh was used to simulate the single 

microchannel with 200,180 elements. The outlet thermal resistance (迎痛朕┸墜通痛 噺 盤劇鎚通追捗┸尿尼猫 伐 劇捗┸沈津匪 圏エ ) was determined over 

the Reynolds number range 80 ≤ Re ≤ 400. It is clear from Fig. 8 that the predictions of 迎痛朕┸墜通痛 agree well with the 

previous studies: a maximum discrepancy < 3.5% with Qu and Mudawar’s [10] numerical predictions and < 6.5% with 

the experimental study of Kawano et al. [11]. 

 

 

 (a) 
 

Fig. 7: 3-D view and back side of SPSM design used in simulation to explain the boundary conditions; 
a) Conjugate heat transfer of the MCHS; b) Isometric view; c) Bottom side of the MCHS.. 
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4.3   Flow and pressure drop characteristics of MCHS 

Fig. 9 shows the effect of water flow rate (ど┻な 判 芸沈津 判 な┻ど 健【兼件券) on the experimental measurements of the total 

pressure drop (ッ鶏痛) for the SRM heat sink with input heating powers of 50, 75 and 100W. Depending on the inlet tube 

diameter (2.5mm), the flow is considered turbulent when 芸沈津 半 ど┻なの 健【兼件券. As expected, ッ鶏痛 increases rapidly with 

flow rate and as the input power increases the pressure drop decreases monotonically. The latter behaviour is due to the 

reduction in density and viscosity, and this behaviour in unaffected by whether the water flow is in the laminar or 

turbulent flow regime. The experimental data for the heating power of 100W is also compared against analytical equation 

proposed (see, Eq. 10) and corresponding numerical predictions which simulate the entire SRM heat sink. As shown in 

Fig. 10, there is reasonable agreement between experimental data and with both the numerical and analytical predictions, 

with a typical discrepancies of 9% and 15%, respectively. 

  

 

  

 

 

 

 

 

 

Fig. 11(a) compares experimental measurements and numerical predictions of ッ鶏痛 versus 芸沈津 for the SPSM design, 

while Fig. 11(b) shows the corresponding data for both the DPSM and TPSM test sections. The inlet tube diameter for 

the SPSM was 1.5mm, and 2.5mm for both the DPSM and TPSM. In all cases, as 芸沈津 is increased ッ鶏痛 increases rapidly 

due to both the larger friction forces generated inside the straight and curved channels and increases to the minor pressure 

losses. It is clear from the Fig. 11 that the SPSM has a higher pressure drop compared with the other MCHSs, while the 

second and third highest pressure drop were seen in the DPSM and TPSM, respectively. The maximum discrepancy 

between the experimental data and numerical predictions were found to be 12.5%, 10.6% and 10.2% for the SPSM, 

DPSM and TPSM designs, respectively. 

 

Fig. 9: The experimental total pressure drop in SRM heat sink 
design versus volumetric flow rate (芸沈津) at three different 

input powers of 50, 75 and 100W. 

Fig. 8: Comparison between the numerical present work and Kawano 
et al. and Qu & Mudawar works for outlet thermal resistance. 
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Fig. 10: Comparison for total pressure drop in SRM heat sink 
design versus volumetric flow rate (芸沈津) at input power of 

100W. 
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The pressure distributions through the twelve-serpentine microchannels are illustrated in Fig. 12(a), while Fig. 12(b) 

demonstrates the percentage of pressure drop in both straight and bend microchannels in SPSM heat sink design at three 

different volumetric flow rate at input power of 100W. The markers in Fig. 12(a)  represent maximum and minimum 

pressure in each straight portion of the microchannels, while the gaps between adjacent markers denote the pressure loss 

at bend, see Eqs. S.12 and S.13 in SD in section 3. The bend loss coefficient, 行, is determined based on the correlation 

equation proposed by Maharudrayya et al. [33] for laminar single phase flow. The results obtained from the latter two 

equations were validated with numerical predictions and good agreement was achieved with average discrepancy of 8% 

for three different 芸沈津. As shown in Fig. 12(b)  the percentage of pressure drop in bends were higher than those in 

straight channels at each 芸沈津 , and this percentage increases with 芸沈津 . The data obtained from Eq. (13) have been 

compared with experimental pressure drop and acceptable agreement was found, with typical discrepancy of 13% at 

each 芸沈津.  

  

 

 

 

 

 

 

 

 

In the experiments the relative surface roughness (綱 経朕エ ) for the four MCHS test sections was measured to be ど┻ぱばの 抜など貸戴 for the SRM heat sink and ど┻のぱ 抜 など貸戴 for the other three serpentine MCHS designs. Kandlikar et al. [40] studied 

the effect of surface roughness on pressure drop and heat transfer characteristics in 0.62 and 1.067 mm diameter stainless 

steel micro-tubes. The relative surface roughness for the larger diameter tube ranged from 0.00176 to 0.0028, and their 

results showed that the effects of varying surface roughness on pressure drop and heat transfer were insignificant. Since 

the relative roughnesses of the microchannels tested in the present experimental work were smaller than those of 

Fig. 11: The total pressure drop for (a) SPSM; (b) DPSM and TPSM models at 
different water flow rate and at input power of 100W. 
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flow 

Laminar 
flow 

Turbulent 
flow 

Laminar 
flow 

a) SPSM Heat Sink b) DPSM & TPSM Heat Sinks 
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(b) 

Fig. 12: The total pressure drop in SPSM design at different water flow rate and at input power of 
100W; (a) pressure distribution through 12-serpentine channels ; (b) pressure drop percentage. 
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Kandlikar et al. [40], it is likely that the surface roughness (綱) does not have a significant effect on the pressure drop and 

heat transfer coefficient in the present study.   

Fig. 13 shows the pressure drop contours of the four MCHS designs used at the mid-depth plane of the channel (Z=Hch/2) 

for laminar flow with 芸沈津 噺 ど┻なの 健【兼件券 and an input power of 100W. It can be seen that the SPSM creates a larger 

pressure drop than other cases. This is due to the facts that water in the SPSM flows inside one channel only, unlike the 

DPSM and TPSM where fluid is distributed into two and three microchannel respectively, leading to reductions in both 

the velocity and pressure drop in the latter two cases, and the larger microchannel length in the SPSM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4     Heat transfer characteristics of MCHS 

4.4.1    Wall and fluid bulk temperature distribution 

To obtain the heat transfer coefficient (月) and Nusselt number (軽憲 ), the microchannel base and the fluid bulk 

temperature must first be determined. The local microchannel base temperature along the axial location of the 

microchannel can be calculated using Eq. (4) and the local fluid bulk temperature can be determined using Eq. (5). Fig. 

14 presents experimental data and numerical predictions of the channel bottom temperature distribution along the 

microchannel length for the SRM test section, together with the inlet and outlet water temperatures measured using 

Fig. 13: Pressure drop contours of four MCHS at the mid-depth plane of the channel 
(Z=Hch/2) : (a) SRM; (b) SPSM ; (c) DPSM; (d) TPSM. 
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thermocouples inserted at the inlet and outlet of the MCHS. Good agreement between theory and experiment was 

obtained, with discrepancies of less than 3.8% for the microchannel base temperature and 2.4% for the fluid bulk 

temperature. 

The data shows how the microchannel base temperature increases along the flow direction and that the difference in 

temperature between the water and channel base along the axial flow direction is not constant which indicates that the 

flow is thermally developing throughout the whole of the MCHS, a desirable feature which leads to enhanced heat 

transfer. 

 

 

 

 

 

 

 

 

4.4.2   Heat transfer coefficient (酸) and the Nusselt number (錆四) 

The length of the thermally developing entrance region was estimated using the equation proposed by Shah and London 

[41] (詣痛朕 噺 捲茅┻ 迎結┻ 経朕┻ 鶏堅), where 捲茅 denotes the dimensionless thermal entrance length, which is a function of the 

aspect ratio, and following Lee et al. [42] was taken to be 0.05 in this study. At an input power of 100W for the SRM 

heat sink, it was found that the thermally developing entrance length 詣痛朕 exceeds the total microchannel length at every 迎結 chosen, which indicates that the entire flow inside the channel is thermally developing. 

After obtaining the average heat transfer coefficient (月銚塚直), the average Nusselt number (軽憲銚塚直) can be calculated using 

Eq. (9), where the experimental values of 月銚塚直 are determined at 劇捗┸銚塚直 and 劇栂┸銚塚直 over a wide range of 芸沈津 from 0.1 

to 3.0 l/min. The experimental 軽憲銚塚直 data obtained from the SRM design was compared with a number of correlation 

equations for both laminar and turbulent flow regimes as shown in Fig. 15. This shows that there is generally good 

agreement between the experimental measurements and numerical predictions of 軽憲銚塚直 with an average discrepancy of 

less than 6% for both laminar and turbulent flow regimes.  

The experimental 軽憲銚塚直  data in the thermally developing laminar flow region are compared with the theoretical 

equation proposed by Lee and Garimella [43] for straight rectangular cross-section channels, for aspect ratios ranging 

between 1 and 10, (see Eq. (S.4) in the Table 2, SD, section 1). The equation of Lee and Garimella [43] is applicable to 

cases of uniform heat flux with circumferentially constant temperature and axially constant heat flux on the walls [29], 

and is valid when the dimensionless axial distance (捲茅) is less than the length of the thermally developing region (捲痛朕茅 ). 

Otherwise the flow is considered to be fully developed and Eq. (S.6) from Shah and London [41] will be used instead. 

The local average Nusselt number for three-sided heating can be estimated using the correction factor proposed by 

Phillips [7]: 

Tf.in measured by 
thermocouple 

Tf.out measured by 
thermocouple 

Fig. 14: Distribution of base and fluid bulk temperature along the microchannel axis 
distance for SRM design for 芸沈津 噺 ど┻に 健【兼件券 at input power of 100W. 
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where 軽憲戴┸捗鳥ｅ鎮銚陳 and 軽憲替┸捗鳥ｅ鎮銚陳 denotes the Nusselt number in the fully developed region in the SRM for the three-

sided and four-sided heating case respectively as defined in Eqs. (S.5 and S.6) in the Table 2, SD, section 1, while 糠 is 

the aspect ratio (糠 噺 激頂朕 茎頂朕エ ). It is clear from the Fig. 15 that there is good agreement between the experimental 軽憲銚塚直 data obtained and the equation of Lee and Garimella [43] in the laminar flow regime for three sided wall heating, 

with a discrepancy of less than of 7%. These small differences in the 軽憲銚塚直 values may be due to the fact that the flows 

in the present study feature both hydrodynamically- and thermally-developing flow, whereas Lee and Garimella’s 

equation is for flow which is hydrodynamically fully developed but thermally developing. For turbulent flow (迎結 伴ぬどどど), the experimental 軽憲銚塚直 values for the SRM heat sink were compared with the experimental correlation proposed 

by Dittus-Boelter [44] for fully developed flow in smooth circular cross-sections, as given in Eq. (S.7) in the Table 2, 

SD, section 1. The maximum discrepancy in this case was around 12.5%. 

 

 

 

 

 

 

 

 

 

Fig. 16 compares the values of 軽憲銚塚直 obtained experimentally and numerically as a function of flow rate, 芸沈津┸ for the 

four MCHS designs with an input heating power of 100W. The agreement between experiment and theory is once again 

reasonably good with average discrepancy of 6.5% for all MCHSs used, and all  values of 軽憲銚塚直 increase monotonically 

with 芸沈津 ┻ The 軽憲銚塚直 values for the SPSM design, for the same 芸沈津┸ are the largest, followed by those for the DPSM and 

TPSM with those from the SRM the lowest. For example, at a volumetric flow rate is ど┻の 健【兼件券, 軽憲銚塚直 for the SPSM 

is 18.9, which is 35.0%, 21.2% and 12.2% higher than the values for the SRM, TPSM and DPSM respectively. This due 

to the fact that the water in the SPSM and DPSM designs experiences a greater number of bends which disrupt the 

thermal boundary layer more effectively, reducing the wall temperature and leading to higher heat transfer. Note that, 

as seen above, this improved heat transfer for the SPSM and DPSM designs comes at the price of a significantly larger 

pressure drop compared to the other MCHS designs. 

 

 

 

 

 

Fig. 15: The average Nusselt number versus Re for input power of 100W. 
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Fig. 17(a-d) depicts the temperature contours for the four MCHS designs, which are taken at the half depth of the 

microchannel (茎頂朕【に), 芸沈津 噺 ど┻なの 健【兼件券 and input power of 100W. For all MCHS, it can be noted that the temperature 

difference between the near wall fluid and core fluid increases as the flow travels downstream. The side wall temperature 

distribution of SPSM along the flow length was smaller than other MCHSs, while that for the SRM design was higher. 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

(a) (b) 

Fig. 17: Temperature contours of the four MCHSs: (a) SRM; (b) SPSM; (c) DPSM; (d) 
TPSM. 

(c) (d) 

Fig. 16: The average Nusselt number versus water flow rate (芸沈津) for 
four MCHS designs at input power of 100W. 
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Fig. 18 shows the velocity distribution and the velocity vectors for the SPSM test section, at the mid-depth plane of the 

channel (茎頂朕【に), for a volumetric flow rate (芸沈津) of ど┻なの 健【兼件券 and an input power of 100 W. Due to flow continuity, 

the SPSM model has higher velocities compared with the other two types of serpentine channel designs, and it can be 

seen that a small region of recirculating flow is created near the inner surface of the bend, which aids the transportation 

of heat from the walls into water and disrupts the hydrodynamic and thermal boundary layers, thus improving the 

convective heat transfer [45]. 

 

 

 

 

 

 

 

 

 

4.5    Thermal resistance 

The thermal resistance (迎痛朕) measures the resistance of the MCHS to dissipating the input power [46], and is a commonly 

used parameter within the field of electronic cooling. It is defined by the ratio of the temperature difference of the 

substrate and the inlet of the microchannel to the heating power received by water in the microchannel region, 迎痛朕 噺 ッ脹槌 噺 脹尿尼猫貸脹肉┸日韮槌            (oC/W)                                                                                                                            (27) 

where 劇陳銚掴 is the maximum temperature measured by the four thermocouples inserted in the copper block (see Fig. 6), 劇捗┸沈津  is the inlet water temperature, and 圏岫激岻  is the power supplied by the heater. Fig. 19 shows experimental 

measurements of 迎痛朕 for the four different MCHS designs as a function of volumetric flow rate for an input heating 

power of 100W and an inlet water temperature of 20°C. The figure shows that the 迎痛朕 values decrease for higher flow 

rates and those for the SPSM design are the smallest followed by the DPSM, TPSM and the conventional SRM. For 

example, at a 芸沈津 噺 な┻ど 健【兼件券, 迎痛朕 for the SPSM is 0.1 oC/W, which is 32.8%, 26.2% and 13.7% lower than the values 

for the SRM, TPSM and DPSM respectively. The reasons for the smaller thermal resistances of the SPSM design have 

been described above, namely the preservation of hydrodynamically- and thermally-developing flow due to its multiple 

bends and the recirculating regions induced near the inner bend surfaces. 

 

 

 

 

 

 

Fig. 18: Velocity distribution and velocity vectors for the SPSM design at 芸沈津 噺 ど┻なの 健【兼件券 
and input power of 100W. 
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4.6    Performance Evaluation Analysis 

As indicated by the above experimental and numerical results for fluid flow and heat transfer, the SPSM heat sink 

designs can enhance heat transfer at the expense of a higher pressure drop. Thus, the benefits and disadvantages of the 

new serpentine MCHSs are assessed using a performance evaluation criterion (PEC) index based on the same pumping 

power consumption, as defined in [47, 48]: 

鶏継系 噺 帳灘祢尼寧虹盤帳肉匪迭 典斑 噺 灘祢尼寧虹灘祢尼寧虹┸縄馴謎磐 肉肉┸縄馴謎卑迭 典斑                                                                                                                           (28) 

where 継朝通尼寧虹 and 継捗 are respectively the heat transfer enhancement and friction factor parameters, which are defined 

as the average Nusselt number (軽憲銚塚直) and friction factor (血) of the present enhanced MCHSs (SPSM, DPSM and 

TPSM) divided by those of SRM heat sinks, respectively. To calculate the 血 values for the three different serpentine 

MCHS configurations, Eqs. (13, 14 and 15) were used to determine the apparent friction factor (血銚椎椎) since the total 

pressure drop and the minor pressure losses are known, while Eq. (10) was used to estimate the 血銚椎椎 for the SRM heat 

sink. The PEC values of all the MCHS designs are plotted as functions of volumetric water flow rate (芸沈津) as shown in 

Fig. 20. It is observed that the PEC of the SPSM heat sink is the smallest. This implies that the SPSM requires higher 

pumping power to achieve a higher heat transfer coefficient, while the PEC of the TPSM heat sink is the highest which 

implies that the higher thermal performance is achievable with less pumping power. 

In addition, it can be seen that the values of PEC are decreased when 芸沈津 伴 ど┻に 健【兼件券 for all MCHS test sections, and 

this due to the high pressure drop penalty which outweighs the heat transfer enhancement (継朝通尼寧虹) especially in the 

SPSM heat sink. It should be noted that the PEC values for both DPSM and TPSM designs are larger than 1 compared 

with the SPSM which is around 0.71, and this belong to the high pressure drop penalty for the SPSM design although 

the increase in the 継朝通尼寧虹. 

 

 

 

 

 

 

Fig. 19: Experimental total thermal resistance versus volumetric flow rate at input power of 100W.  
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5.   Conclusions 

This study has demonstrated that channel design in MCHS has a strong influence on both heat transfer and pressure 

drop. Experimental and numerical results show that 軽憲銚塚直 increases monotonically with flow rate, due to reductions in 

the thickness of the thermal boundary layer, and that the SPSM design provides the most effective heat transfer, followed 

by the DPSM and TPSM with the SRM heat sink having the poorest heat transfer. The experiments show further that 

this leads to the SPSM design having the smallest thermal resistances, with values typically third of those for the poorest 

performing, SRM heat sink. 

The numerical predictions of 軽憲銚塚直 agree well with the experimental measurements with an average discrepancy of 

around 6% for both the laminar and turbulent flow regimes. Comparisons with existing correlations for 軽憲銚塚直 for SRM 

show that the present experimental results agree well with the correlation of Lee and Garimella [43] in the laminar 

regime, with a discrepancy of less than 7%, and with that of Dittus-Boelter [44] in the turbulent regime, with a 

discrepancy of around 12.5%. The numerical solutions show that the channel bends are very influential in preventing 

the hydrodynamic and thermal boundary layers attaining a fully-developed state and that their greater influence for the 

SPSM and DPSM designs leads to enhanced heat transfer compared to the other designs. In the SPSM case, the numerical 

results also reveal the presence of a recirculating flow region that further enhances heat transfer from the inner bend 

wall. 

These improvements in heat transfer are, however, achieved at the price of significantly larger pressure drops for the 

SPSM design, the values of which are reduced by the smaller water density and viscosity at high heating power densities. 

Practical design considerations, where the goal is to achieve a high heat transfer without excessive pressure drop, leads 

to a multi-objective design optimisation problem. This design optimisation will be addressed in future work.  
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Fig. 20: Performance evaluation criterion obtained from experiments for three serpentine 
MCHS designs versus 芸沈津 at input power of 100W.  
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Table 1 

Friction factor correlation for single-phase flow in MCHS. 

Author [Ref.] Published correlation equation Eq. Geometry Flow regime Range of validity 
Shah and London 
[41] 

血鎮銚陳┸捗鳥 噺 態替眺勅 岫な 伐 な┻ぬののぬ 苅 髪な┻ひねはば 苅態伐 な┻ばどなに 苅戴 髪ど┻ひのはね 苅替伐 ど┻にのぬば 苅泰岻  

 
S.1 

 
Rectangular 

 
Fully developed laminar 

 
Re < 2300 

 
 
Shah [30] 
 
 
Lee and Qu [S1] 

血銚椎椎┻ｅ挑銚陳沈津銚追 噺 戴┻替替眺勅ヂ掴甜 髪 盤捗如尼尿┸肉匂ゲ眺勅匪 袋 凪岫屯岻填猫甜  貸 典┻填填紐猫甜眺勅磐怠 袋 頓猫甜鉄卑    

計岫タ岻 噺 ど┻はばね 髪 な┻にのどな 苅 髪 ど┻ぬねなば 苅態伐 ど┻ぱぬのぱ 苅戴                                                                                                      系 噺 岫ど┻なぱなな 髪 ね┻ぬねぱぱ 苅 髪な┻はどにば 苅態岻 抜 など貸替                                                                                            

 
S.2 

 
circular and 
non-circular 

channels 

 
Developing flow 
laminar 

 
Re < 2300 

 
 
Phillips [7] 血痛通追長ｅ牒朕沈鎮鎮沈椎鎚 噺 蕃ど┻どひにひ 髪 怠┻待怠滞怠態磐薙迩廿呑廿 卑 否 迎結勅槌嵜貸待┻態滞腿貸轍┻典迭纏典磐薙迩廿呑廿 卑 崟

  迎結勅槌 噺  諦肉 ┻ 蝶迩廿 ┻  帖廿賑忍禎肉     ,     経朕賑忍 噺 経朕 岾態戴 髪 怠怠苅 岫態貸 苅岻態替 峇  

 
S.3 

 
Rectangular 

 
Developing flow 
turbulent 

 
3000 < Re < 105 

 

Author [Ref.] Published correlation equation Eq. Geometry Flow regime Range of validity 
 
Lee and Garimella 
[43] 

軽憲替┸掴 噺 怠寵迭岫掴茅岻頓鉄袋寵典 髪 系替        血剣堅     捲茅  隼  捲痛朕茅                                                                                                                     
Where 捲痛朕茅  denotes the length of the thermally developing 
region as: 捲痛朕茅 噺 貸怠┻態胎泰抜怠待貼展苅展 髪 替┻胎待苔抜怠待貼天苅天 伐 滞┻苔待態抜怠待貼填苅填 髪 泰┻待怠替抜怠待貼典苅典 伐            怠┻胎滞苔抜怠待貼鉄苅鉄 髪 怠┻腿替泰抜怠待貼鉄苅 髪 ど┻どのはひな                                               系怠 噺 貸態┻胎泰胎抜怠待貼典苅典 髪 戴┻態胎替抜怠待貼鉄苅鉄 伐 胎┻替滞替抜怠待貼天苅 髪 ね┻ねばは  系態 噺 ど┻はぬひな  系戴 噺 怠┻滞待替抜怠待貼填苅鉄 伐 態┻滞態態抜怠待貼典苅 髪 に┻のはぱ 抜 など貸態  系替 噺 ば┻ぬどな 伐 怠戴┻怠怠苅 髪 怠泰┻怠苔苅鉄 伐 滞┻待苔替苅典   

 
S.4 

 
Rectangular 

 
Thermally developing 
laminar flow 

 
Re < 2300 

 

 
Shah and London 
[41] 

軽憲戴┸捗鳥ｅ鎮銚陳 噺 ぱ┻にぬの 岫な 伐 な┻ぱぱぬ 苅 髪 ぬ┻ばはば 苅態 伐                                      の┻ぱなね 苅戴 髪 の┻ぬはな 苅替 伐 に 苅泰岻          軽憲替┸捗鳥ｅ鎮銚陳 噺 ぱ┻にぬの 岫な 伐 に┻どねにな 苅 髪 ぬ┻どぱのぬ 苅態 伐                                      に┻ねばはの 苅戴 髪 な┻どのばぱ 苅替 伐 ど┻なぱはな 苅泰岻                          
 

S.5 
 
 

S.6 

 
Rectangular 

 
 

Rectangular 

 
Fully developed laminar 
 
Fully developed laminar 

 
Re < 2300 

 
 

Re < 2300 

Dittus-Boelter [44] 軽憲帖沈痛痛通鎚貸喋墜勅鎮痛勅追┸捗鳥ｅ痛通追長 噺 ど┻どにぬ┻ 迎結待┻腿┻  鶏堅待┻替 S.7 Circular 
Fully developed 
turbulent 

3000 < Re < 105 

 

Table 2 

Heat transfer correlation for single-phase flow in MCHS. 
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Section 2: 

 

 

 

 

 

 

The final uncertainty equations associated with 血頂朕, 軽憲 and 迎痛朕 for SRM Heat Sink are given as: 

腸肉迩廿捗迩廿 噺 俵岾腸ッ鍋迩廿ッ牒迩廿 峇態 髪 岾腸輩諦 峇態 髪 岾腸薙迩廿 挑迩廿 峇態 髪 ね 岾腸楢町 峇態 髪 ひ 岾腸軟迩廿調迩廿 峇態 髪 岾 腸軟迩廿張迩廿袋調迩廿峇態 髪ひ 岾腸那迩廿張迩廿 峇態 髪 岾 腸那迩廿 張迩廿 袋調迩廿峇態
             (S.8) 

腸灘祢朝通 噺 罰 俵岾腸楠蝶 峇態 髪 岾腸内彫 峇態 髪 峭磐 脹葱脹葱貸脹肉卑 腸畷葱脹葱 嶌態 髪 峭磐 脹肉脹葱貸脹肉卑 腸畷肉脹肉 嶌態 髪 磐腸豚賑肉肉凋賑肉肉 卑態 髪 磐腸入肉賃肉 卑態 髪 岾腸呑廿帖廿 峇態
                         (S.9) 

腸馴禰廿眺禰廿 噺 罰 俵岾腸楠蝶 峇態 髪 岾腸内彫 峇態 髪 峭磐 脹葱脹葱貸脹肉卑 腸畷葱脹葱 嶌態 髪 峭磐 脹肉脹葱貸脹肉卑 腸畷肉脹肉 嶌態
                                                                           (S.10) 

Properties of water such as fluid density, dynamic viscosity, specific heat, Prandtl number (Pr) and thermal conductivity 

(k) were determined according to the tabulated values in Incropera and DeWitt [S2], leading to uncertainties in the fluid 

properties of around 0.5%. By using the estimated errors of the parameters listed in Table 3, the experimental uncertainty 

for 迎結, 血頂朕, 迎痛朕 and 軽憲 can be calculated. 

Section 3: 

To predicate the excess bend loss coefficient (行) in SPSM heat sink design, Maharudrayya et al. [33] carried out a CFD 

simulation of laminar single-phase flow through 180o bends and serpentine rectangular channels, and three-regime 

correlation was proposed to determine the 行 as a function of the Reynolds number (ど 隼 迎結 噺 諦肉ゲ楠迩廿ゲ呑廿禎肉 隼 ににどど), aspect 

ratio (な 隼 糠 噺 張迩廿調迩廿 隼 は), curvature ratio (ど 隼 系 噺 眺迩帖廿 隼 は) and fin width as follows: 

For 隼 などど : 行 噺 ど                                                                                                                                                                        (S.11a) 

For などど 隼 迎結 隼 などどど : 

行 噺 ど┻ねは岫迎結岻怠 戴斑 岫な 伐 ど┻なぱ系 髪 ど┻どなは系態岻 抜 岫な 伐 ど┻に糠 髪 ど┻どどにに糠態岻 抜 峭な 髪 ど┻には 岾調葱帖廿 峇態 戴斑 伐 ど┻どどなぱ 岾調葱帖廿 峇態嶌  (S.11b)               

For などどど 隼 迎結 隼 ににどど : 

行 噺 ぬ┻ぱ岫な 伐 ど┻にに系 髪 ど┻どにに系態岻 抜 岫な 伐 ど┻な糠 髪 ど┻どどはぬ糠態岻 抜 峭な 髪 ど┻なに 岾調葱帖廿 峇態 戴斑 伐 ど┻どどどぬ 岾調葱帖廿 峇態嶌                (S.11c)         

 
 
 

Table 3 
Uncertainty of various critical MCHS parameters. 
Variable Total relative uncertainties 
Channel widt (激頂朕)  ±0.60%, ±0.4% 
Channel height (茎頂朕)  ±0.30%, ±0.2% 
Channel length (詣頂朕) ±0.03%, ±0.002% 
Fin width (激栂) ±0.6% 
Hydraulic diameter (経朕) ±0.41%, ±0.27% 
Volumetric flow rate (芸沈津) ±2.5% – ±0.083% 
Temperature (劇) ±0.3% 
Nusselt number (軽憲) ±3.7% – ±9% 
Pressure drop (ッ鶏) ±2.6% – ±15.2% 
Friction factor (血) ±3.4% – ±16.3% 
Thermal resistance (迎痛朕) ±2.8% – ±7.3% 

 



[25] 
 

where 迎頂 represents the mean radius of the bend. 

The pressure distribution in every straight microchannel in SPSM heat sink is represented by the maximum and 

minimum pressure, which are given by [S3]: 鶏陳沈津 噺 ッ鶏痛ｅ聴牒聴暢 伐 岫件 伐 な岻 怠態  ┻  貢捗 ┻ 撃頂朕態  岾ね 血銚椎椎 ゲ 挑迩廿帖廿 髪  行峇                                                                                    (S.12) 

鶏陳銚掴 噺 ッ鶏痛ｅ聴牒聴暢 伐 怠態  ┻  貢捗 ┻ 撃頂朕態  岾ね件 血銚椎椎 ゲ 挑迩廿帖廿 髪 岫件 伐 な岻 行峇                                                                                   (S.13) 

Section 4: 

Fig. S1 shows the mesh in TPSM heat sink design and resolution was increased near the bends. 
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Table 4 
Validation of grid independence. 

 Straight rectangular MCHS (SRM) Single path multi-serpentine rectangular MCHS (SPSM) 

 1 岫ど┻ひばひ 抜 など滞岻 
継ガ 

2 岫な┻ぱひば 抜 など滞岻 
継ガ 

3 岫に┻はぬば 抜 など滞岻 
継ガ 

4 岫ぬ┻ぬのは 抜 など滞岻 

1 岫ど┻ひぬば 抜 など滞岻 
継ガ 

2 岫な┻ひひに 抜 など滞岻 
継ガ 

3 岫に┻ばぱぱ 抜 など滞岻 
継ガ 

4 岫ね┻ぱぬね 抜 など滞岻 劇珍通津頂痛沈墜津 岫ソC岻 57.4 5.7 56.0 3.1 55.0 1.3 54.3 47.4 7.5 46.0 4.3 44.9 1.8 44.1 軽憲銚塚直           9.7 9.0 9.3 4.5 9.1 2.2 8.9 14.3 8.3 13.8 4.6 13.5 2.3 13.2 

   

 Double path multi-serpentine rectangular MCHS (DPSM) Triple path multi-serpentine rectangular MCHS (TPSM) 

 1 岫ど┻ぱのに 抜 など滞岻 
継ガ 

2 岫な┻ぱぬは 抜 など滞岻 
継ガ 

3 岫に┻のには 抜 など滞岻 
継ガ 

4 岫ぬ┻ばどぬ 抜 など滞岻 

1 岫ど┻ぱねね 抜 など滞岻 
継ガ 

2 岫な┻ばばは 抜 など滞岻 
継ガ 

3 岫に┻ねぱは 抜 など滞岻 
継ガ 

4 岫ぬ┻はねひ 抜 など滞岻 劇珍通津頂痛沈墜津 岫ソC岻 51.3 6.2 49.4 2.3 48.9 1.2 48.3 54.0 8.0 52.6 5.2 51.0 2.0 50 軽憲銚塚直  12.8 7.5 12.4 4.2 12.1 1.7 11.9 11.4 8.6 11.0 4.8 10.7 1.9 10.5 

 

Fig. S1: Numerical mesh using case 3 for a TPSM design. 
 


