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ABSTRACT 
This study numerically investiagates the heat transfer characteristics ofAl2O3-water-based nanofluids in a a three-dimensional inter-
rupted microchannel heat sink with rectangular ribs (IMCHS-R) under pulsating inlet flow conditions.The two-phase mixture model 
with modified effective thermal conductivity and viscosity equations is used to solve the problem numerically.While nanoparticle vo-
lume fraction and other parameters are kept constant, the effect ofdifferent values of Reynolds numbers (200-1000), pulsating fre-
quencies(100-500Hz) and amplitudes (0.2-0.8) on the rate of heat transferwere examined. The results show that the rate of heat trans-
fer improves significantly for sinusoidal velocity inlet conditions compared with steady flow conditions. 
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1       Introduction. 
Thermal management is a critical factor to be considered in the development of electronic systems due to the challenges posed by 
the of high heat flux encountered in these systems. After Tuckerman and Pease[1] pioneered the investigation related to the use of 
microchannel heat sink (MCHS)  for coolingpurpose and discovered its ability to dissipate a large amount of heat from the high densi-
ty very-large-scale integrated circuit (VLSI), numerous research works have been carried out to further improve the performance cha-
racteristics of such devices. Peng and Peterson [2] carried out an experimental investigation on single phase forced convective heat 
transfer and flow characteristic in a rectangular microchannel heat sink with water as working fluid. Based on their result, they con-
cluded that the geometry of the microchannel played a major role in determining the heat transfer and fluid flow characteristics.They 
then propose an empirical correlation for the Nusselt number and friction factor for laminar, transition and turbulent flow. Harms et 
al [3] conducted an experimental study on developing flow of convective heat transfer in deep rectangular microchannel using Deio-
nized water as the working fluidfor Reynolds number within the range of 173 to 12900, their results indicate that microchannel sys-
tems designed for developing laminar flow performed better than those designed for turbulent flow. Qu and Mudawar [4] experi-
mentally and numerically studied the pressure drop and heat transfer characteristic in a single-phase water-cooled microchannel 
heat sink of height and depth of 231µm and 713 µm respectively. Based on their result, they concluded that that for Reynolds num-
ber within the range of 132 to 1672, there is no rapid transition from laminar to turbulence flow, pressure drop depends on the op-
erating Reynolds number, water viscosity depends on its temperature and that the temperature distribution of experimental data 
was in decent agreement with numerical predictions.Ambatipudi and Rahman [5] numerically examined the heat transfer through a 
silicon microchannel. The result showed that the for the design with greater number of channel and higher Reynolds number, higher 
Nusselt number was obtained. Numerous experimental and numerical studies [6-12] conducted in the past have contributed im-
mersely to the advancement of MCHS and in understanding of its heat transfer and flow characteristics. 

Since the interruption of boundary layer and provison of more surface area with the use of passive structures improves macro 
scale heat transfer. In case of micro scale heat transfer, several studies [13-18] in the past reveal that interruption of boundary layer 
and induced main stream separation are two significant means of enhancing heat tranfer in the micro scale. Therefore, microchannel 
with passive structures provides a better heat transfer performance than the smooth microchannel. Chai et al [19] performed nu-
merical analysis on the Optimal thermal design of interrupted microchannel heat sink with rectangular ribs in transverse micro-
chambers, numerical result showed that for heat transfer enhancement, the interrupted microchannel with ribs is suitable to the 
operating condition of Re < 600, and for Re > 600, the interrupted microchannel without ribs is considered better. Also, the new in-
terrupted microchannel with rectangular rib length of 0.5 mm provides the highest enhancement factor. 

The nanofluids are modern heat transfer fluids, they consist of a base fluid stably suspended with nanoparticles (average size be-
low 100 nm). Several numerical and experimental studies [20-23] were performed on the use of nanofluid to enhance the heat trans-
fer. It has been observed that nanofluidsexhibit excellent heat transfer capabilities compared with conventional heat transfer fluids 
and that thermal enhancement increases on increasing the nanoparticle concentration.Lotfi et al [24]studied the forced convective 
heat transfer of nanofluid flow through horizontal circular tube. The objective of the study was to investigate the accurateness of the 
single-phase model, two-phase mixture model and two-phase Eulerian model against previous experimental work. It was concluded 
that the mixture model provided better results as compared to all the other models.Kalteh et al [25] numerically and experimentally 
studied the laminar convective heat transfer of Al2O3-H2O nanofluid flow through a wide rectangular MCHS. The two-phase Eulerian–
Eulerian model was adopted for the numerical study. It was proven that the two-phase numerical results were in good agreement 
with experimental results as compared to single-phase results with maximum error of 7.42% and 12.61%. 

Nandi and Chattopadhyay [26] carried out a numerical study to investigate simultaneously developing laminar fluid flow and heat 
transfer inside a two-dimensional wavy wall microchannel under pulsating inlet flow condition. It was found that with pressure drop 
within the acceptable limits the pulsating velocity can enhance heat transfer performance when compared with equivalent steady 
case.Akdag et al. [27] performed a numerical investigation with the same geometry and parameters with Nandi and Chattopadhyay 
[26]. They further the research by introducing Al2O3–water based nanofluids via the single-phase approach. they observed an in-
crease in heat transfer performance on increasing nanoparticle volume fraction and amplitude of pulsation.Akdag et al. [28] numeri-
cally investigated the heat transfer characteristics of CuO-water-based nanofluids in a trapezoidal-corrugated channel under pulsat-
ing inlet flow conditions, it was found that the use of nanoparticles under the pulsating flow conditions increases the heat transfer 
rate compared with the steady flow case.Narrein et al [29]investigateda three dimentionaltwo-phase laminar pulsating nanofluid 
flow in a helical microchannel.The two-phase mixture model with modified effective thermal conductivity and viscosity equations is 
employed to solve the problem numerically. Detailed numerical results showed that an increase inpulsation frequency lead to a sig-
nificant increase in rate of heat transfer when compared to pulsation amplitude. Also, increase in nanoparticle volume concentration 
lead to a decrease in nusselt number due to increase in nanofluid thermal conductivity. 

Literature survey showed that few studies have investigated pulsating nanofluids flow in microchannels. But no comprehensive 
study in the pasthas been made to investigate the heat transfer and flow characteristics of pulsating nanofluid in aninterrupted 
mcrochannel heat sink with rectangular ribs (IMCHS-R) using two-phase mixture model.Hence, this has motivated the present study 
which examines the three-dimensional unsteady laminar flow of Al2O3 nanofluids in an IMCHS-R with the effects of different ampli-
tude (0.2–0.8), frequency (100–500 Hz), and Renolds number (200-1000) at a constant nanoparticle concentration (1%). 
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2.     Mathmatical Model. 

2.1 Description of physical and computational domain 
Figure 1 shows the basic geometry of the interrupted microchannel heat sink used in the present study. The geometry is based on 
the result of chai et al [13].To save the computation time and take advantage of symmetry, a control volume containing a single mi-
crochannel and surrounding solid along with the base is selected for developing the fluid flow and heat transfer model as shown in 
Figure 2. The dimensions of geometric parameters in the figure 1 and figure 2 is shown in Table 1. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 1:  Interrupted Microchannel Heat Sink 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2:      Computational domain of the interrupted microchannel heat sink (IMCH-R) 
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Table 1:  Dimension of the Microchannel heat sink 

Parameter Dimension 

L(a) 20mm 

W 2.5mm 

h 0.35mm 

T 0.1mm 

L(b) 10mm 

K 1.1mm 

r1 0.4mm 

w 0.25mm 

H 0.35mm 

 
 

2.2 Governing Equations 
Since heat is transferred from the base wall of the microchannel heat sink to the nanofluid which flows through the channel. Several 
assumptions are made on the operating conditions of the microchannel heat sink as follows: 

(i) Developing flow and heat transfer in microchannels  
(ii) The flow in the microchannel heat sink is steady and laminar 
(iii)  Temperature dependent thermal-physical properties of nanofluid 
(iv)  The properties of the microchannel heat sink material are temperature independent  
(v)  The external heat transfer effects are ignored. 

The mixture model can model phases (fluid or particulate) by solving the momentum, continuity, and energy equations for the mix-
ture, the volume fraction equations for the secondary phases, and algebraic expressions for the relative velocities.  
According to the ANSYS fluent theory guide [30], the governing equations of the mixture model can be written as shown below. 
Continuity equation: 
𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝑚𝑚 ) + ∇. �𝜌𝜌𝑚𝑚𝑉𝑉�⃗𝑚𝑚� = 0                                                                                                                                                                           (1)               
Where, 

𝜌𝜌𝑚𝑚 = �𝛼𝛼𝑘𝑘𝜌𝜌𝑘𝑘

𝑛𝑛

𝑘𝑘=1

 

Momentum balance: 
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜌𝜌𝑚𝑚𝑉𝑉�⃗𝑚𝑚� + ∇. �𝜌𝜌𝑚𝑚𝑉𝑉�⃗𝑚𝑚𝑉𝑉�⃗𝑚𝑚� =  −∇𝑝𝑝 + ∇. �𝜇𝜇𝑚𝑚 �∇𝑉𝑉�⃗𝑚𝑚 + ∇𝑉𝑉�⃗𝑚𝑚

𝑇𝑇
�� + 𝜌𝜌𝑚𝑚�⃗�𝑔 + �⃗�𝐹 − ∇. (�𝛼𝛼𝑘𝑘𝜌𝜌𝑘𝑘𝑉𝑉�⃗ 𝑑𝑑𝑑𝑑 ,𝑘𝑘

𝑛𝑛

𝑘𝑘=1

𝑉𝑉�⃗𝑑𝑑𝑑𝑑 ,𝑘𝑘  )                                    (2)                 

where n is the number of phases, �⃗�𝐹is a body force, and 𝜇𝜇𝑚𝑚 is the viscosity of the mixture 
𝜇𝜇𝑚𝑚 =  ∑ 𝛼𝛼𝑘𝑘𝜇𝜇𝑘𝑘𝑛𝑛

𝑘𝑘=1                                                                                                                                                                                         (3) 
𝑉𝑉�⃗𝑑𝑑𝑑𝑑 ,𝑘𝑘 is the drift velocity for secondary phase k 

𝑉𝑉�⃗𝑑𝑑𝑑𝑑 ,𝑘𝑘 = 𝑉𝑉�⃗ 𝑘𝑘 − 𝑉𝑉�⃗𝑚𝑚  
Energy equation: 
𝜕𝜕
𝜕𝜕𝜕𝜕

(∑ 𝛼𝛼𝑘𝑘𝜌𝜌𝑘𝑘𝐸𝐸𝑘𝑘𝑛𝑛
𝑘𝑘=1 ) + ∇. �∑ 𝛼𝛼𝑘𝑘𝑛𝑛

𝑘𝑘=1 𝑉𝑉�⃗ 𝑘𝑘(𝜌𝜌𝑘𝑘𝐸𝐸𝑘𝑘 + 𝑝𝑝)� = ∇. �k𝑒𝑒𝑒𝑒𝑒𝑒 ∇T� + SE    (4)       
where  k𝑒𝑒𝑒𝑒𝑒𝑒  is the effective conductivity, the first term on the right-hand side of equation represents energy transfer due to conduc-
tion andSE  represent any other volumetric heating force. 
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2.3 Boundary conditions  
A uniform heat flux of 1.22M 𝑊𝑊/𝑚𝑚2 is imposed at the silicon substrate bottom wall of the microchannel. The temperature at the 
inlet of the microchannel is taken to be 293 K. The external walls are assumed adiabatic with no convection or radiation heat transfer 
with the surrounding environment. The nanofluid enters the inlet with a transient velocity and exits the outlet at the atmospheric 
pressure. On all the conjugate surfaces, a no-slip boundary condition is imposed.the inlet velocity profile is given by: 
Uin = Uave [1 + A sin(2πft)]                                                                                                                                                                                  (5) 
Where Uave  is the average velocity in the constant cross section region, A is the dimensionless amplitude of pulsation and f is the 
pulsating frequency in (Hz). 
 

2.4 Physical Properties of Nanofluid 
The density and specific heat capacity of nanofluid are defined as [31]: 
𝜌𝜌𝑛𝑛𝑒𝑒 = (1 − 𝜑𝜑)𝜌𝜌𝑒𝑒 + 𝜑𝜑𝜌𝜌𝑝𝑝 (6) 
(𝜌𝜌𝑐𝑐𝑝𝑝)𝑛𝑛𝑒𝑒 = (1 − 𝜑𝜑)(𝜌𝜌𝑐𝑐𝑝𝑝)𝑒𝑒 + 𝜑𝜑(𝜌𝜌𝑐𝑐𝑝𝑝)𝑝𝑝 (7) 
 
The effective thermal conductivity (𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 ) of the nanofluid  is defined as [32]: 
𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐾𝐾𝑠𝑠𝜕𝜕𝑠𝑠𝜕𝜕𝑠𝑠𝑐𝑐  + 𝐾𝐾𝑑𝑑𝑑𝑑𝑛𝑛𝑠𝑠𝑚𝑚𝑠𝑠𝑐𝑐  
Where: 

𝑘𝑘𝑠𝑠𝜕𝜕𝑠𝑠𝜕𝜕𝑠𝑠𝑐𝑐 =  𝑘𝑘𝑒𝑒 �
�𝑘𝑘𝑝𝑝+2𝑘𝑘𝑒𝑒�−2𝜑𝜑�𝑘𝑘𝑒𝑒−𝑘𝑘𝑝𝑝 �

�𝑘𝑘𝑝𝑝+2𝑘𝑘𝑒𝑒�+𝜑𝜑�𝑘𝑘𝑒𝑒−𝑘𝑘𝑝𝑝 �
�(8) 

𝐾𝐾𝑑𝑑𝑑𝑑𝑛𝑛𝑠𝑠𝑚𝑚𝑠𝑠𝑐𝑐 = 5 ∗ 104𝜑𝜑𝜌𝜌𝑒𝑒𝐶𝐶𝑝𝑝𝑒𝑒�
𝐾𝐾𝑏𝑏𝑇𝑇
𝑑𝑑𝑝𝑝𝜌𝜌𝑝𝑝

𝑔𝑔(𝑇𝑇,𝛼𝛼)(9) 

The “g function” (𝑔𝑔(𝑇𝑇,𝛼𝛼)) in the equation above is given as: 
𝑔𝑔(𝑇𝑇,𝛼𝛼) = (𝑠𝑠 + 𝑏𝑏𝑏𝑏𝑛𝑛(𝑑𝑑𝑝𝑝) + 𝑐𝑐𝑏𝑏𝑛𝑛(𝛼𝛼) + 𝑑𝑑𝑏𝑏𝑛𝑛(𝛼𝛼) ln(dp) + eln(𝑑𝑑𝑝𝑝)2) ln(𝑇𝑇) + 
(𝑚𝑚 + ℎ𝑏𝑏𝑛𝑛(𝑑𝑑𝑝𝑝) + 𝑠𝑠𝑏𝑏𝑛𝑛(𝛼𝛼) + 𝑗𝑗𝑏𝑏𝑛𝑛(𝛼𝛼) ln(dp) + kln(𝑑𝑑𝑝𝑝)2)(10) 
The value of the constants in the above equation has been determined semi-empirically and are given in Table 2.  
 
Table 2:                   The g-function constant values. 
Constant Values 
A 52.81348876 
B 6.115637295 
C 0.695574508 
D 4.17E-02 
E 0.1769193 
M -298.1981908 
H -34.53271691 
I -3.922528928 
J -0.235432963 
K -0.999063481 
 

The effective viscousity (𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 ) of the nanofluid isdefined: 
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜇𝜇𝑠𝑠𝜕𝜕𝑠𝑠𝜕𝜕𝑠𝑠𝑐𝑐  + 𝜇𝜇𝑑𝑑𝑑𝑑𝑛𝑛𝑠𝑠𝑚𝑚𝑠𝑠𝑐𝑐  
where the static part [33] and dynamic part are respectively defined as follows: 
𝜇𝜇𝑠𝑠𝜕𝜕𝑠𝑠𝜕𝜕𝑠𝑠𝑐𝑐 = 𝜇𝜇𝑒𝑒

(1−𝛼𝛼)2.5(11) 

𝜇𝜇𝑑𝑑𝑑𝑑𝑛𝑛𝑠𝑠𝑚𝑚𝑠𝑠𝑐𝑐 = 5 ∗ 104𝛼𝛼𝜌𝜌𝑒𝑒�
𝐾𝐾𝑏𝑏𝑇𝑇
𝑑𝑑𝑝𝑝𝜌𝜌𝑝𝑝

𝑔𝑔(𝑇𝑇,𝛼𝛼)(12) 

Where the subscripts f, p and nfrepresent basefluid, nano particles and nanofluids respectively. Also,𝛼𝛼 and 𝑑𝑑𝑝𝑝  represent nano par-
ticle concentration and diameter respectively. 
The thermo-physical properties of pure water aredefinedas [34,35]: 
k𝑒𝑒 = 0.6(1 + 4.167 × 10−5𝑇𝑇)(13) 
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μ𝑒𝑒 = 2.761 × 10−6exp(1713 𝑇𝑇⁄ )(14) 
 
 

2.4 Numerical Procedures 
The numerical computations of this study are carried out by solving the governing equations with associated boundary conditions 
using the finite-volume method. The pressure and the velocity fields were coupled using the SIMPLEC algorithm. The second-order 
upwind differencing scheme is selected for the convective terms. The accuracy of the solution to convergence was monitored at 10-6 
for the continuity, velocity and 2e-8 for the energy equation.Eqs. (7)– (13) are used for redefining the effective thermal conductivity 
and viscosity because conventional equation used in the two-phase mixture model overpredicts the thermal conductivity, while a 
viscosity value is also required for the second phase.  Numerical simulation is carried out for different combinations of Renolds num-
ber, amplitude, frequency, while nanoparticle concentration and other parametrs are kept constant. As shown is Eq. (20), the inlet 
velocity, Uin , varies periodically about an equilibrium value,Uave  , based on the specified amplitude and frequency. A full period of 
oscillation is considered in the inlet velocity and the maximum number of iterations per time step is set to 2000. This value is chosen 
based upon the fact that 1000–1,800 iterations are needed per time step for the flow and thermal field results to reach steady state. 

2.5Data Acquisition 
To present the numerical results of heat transfer and flow characteristics for the present analysis, the following important parame-
ters are given below according to chai et al [19]: 
 
Reynolds number: 
𝑅𝑅𝑒𝑒 = 𝜌𝜌𝑛𝑛𝑒𝑒 V𝑠𝑠𝑎𝑎𝑔𝑔 𝐷𝐷ℎ

𝜇𝜇𝑛𝑛𝑒𝑒
                                                                                          (15) 

Where 𝜌𝜌𝑛𝑛𝑒𝑒  is the volume average nanofluidfluids density (kgm-3), 𝐷𝐷ℎ  is the hydraulic diameter calculated based on the constant 
cross-section region (m),  𝜇𝜇𝑛𝑛𝑒𝑒  is the mass average nanofluids dynamic viscosity (kg m-1 s-1) and V𝑠𝑠𝑎𝑎𝑔𝑔 is the average velocity  in the con-
stant cross-section region (m s-1). 
 
Time averaged heat transfer coefficient and Nusselt number for pulsating flow is defined as:  
 
ℎ = 1

𝜏𝜏  𝐿𝐿 ∫ ∫ ℎ(𝑥𝑥, 𝜕𝜕) 𝑑𝑑𝑥𝑥 𝑑𝑑𝜕𝜕𝜏𝜏
0

𝐿𝐿
0 (16) 

 
𝑁𝑁𝑁𝑁 = 1

𝜏𝜏 𝐿𝐿 ∫ ∫ 𝑁𝑁𝑁𝑁(𝑥𝑥, 𝜕𝜕) 𝑑𝑑𝑥𝑥 𝑑𝑑𝜕𝜕𝜏𝜏
0

𝐿𝐿
0 (17) 

 
Average heat transfer coefficient and Nusselt number: 
 
ℎ� = 𝑞𝑞𝑤𝑤 𝐿𝐿𝑊𝑊

𝐴𝐴(𝑇𝑇�𝑤𝑤−𝑇𝑇�𝑒𝑒)
(18) 

 
𝑁𝑁�𝑁𝑁 = ℎ�𝐷𝐷ℎ

𝑘𝑘𝑒𝑒
(19) 

Where 𝑇𝑇�𝑤𝑤 and𝑇𝑇�𝑒𝑒 are the area-weighted temperature of the silicon base and the mass-average temperature of nanofluids in themi-
crochannel.𝑞𝑞𝑤𝑤  represents heat flux at the silicon base, A is the contact surface area of water andsilicon based on the smooth micro-
channel, L and W are respectively the length and width of the computational domain, 𝑘𝑘𝑛𝑛𝑒𝑒  is the mass average nanofluidfluidsthermal 
conductivity. 
 
The average Fanning friction factor is given by: 

𝑒𝑒𝑠𝑠𝑎𝑎𝑒𝑒 = (p𝑠𝑠𝑛𝑛 −p𝑜𝑜𝑁𝑁𝜕𝜕 )𝐷𝐷ℎ
2𝜌𝜌𝑒𝑒𝐿𝐿𝑁𝑁𝑚𝑚2

(20) 

Where p𝑠𝑠𝑛𝑛  is the mass-weighted average pressure in the microchannel inlet, L is the length of the interrupted microchannel heat 

sink, p𝑜𝑜𝑁𝑁𝜕𝜕  is the time averaged pressure in the microchannel outlet and assumed to be 0. 
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3 Model Verification and Validation 

3.1Grid Independence Analysis 
The aim of grid independence analysis is to evaluate the effects of grid sizes on the numerical results. To test grid independence of 
the present study, different mesh sizes was generated using ANSYS design modeler. Hexagonal mesh of 0.35 million, 0.55 million, 
0.75 million, 0.95million and 1.15 millioncells are considered.The inlet temperature of the channel is set to 293 K with a velocity of 5 
m/s. A constant heat flux of1.22M 𝑊𝑊/𝑚𝑚2 is imposed at the silicon substrate bottom wall of the microchannel.The percentage differ-
ence of Nusselt number using 0.35, 0.55, 0.75 and 0.95 million cells from that of 1.15 million cells are 9.56%, 5.68%, 1.57 % and 
1.55% respectively. Thus, we use a domain with approximately 0.75 million cells for all other cases to reduce the computing time. 
 

3.2    Model Validation 
The code validation for the Interrupted microchannel heat sink with rectangular ribs (IMCS-R) is performed based on thefindings pre-
sented by Chaiet al[19].It can be seen from Figure 3that the that maximum deviation of numerical f𝑠𝑠𝑎𝑎𝑒𝑒  from experimental results is 
less than 3%.The results for the two-phase mixture model of the present study is validated by comparing the results obtained for a 
nanoparticle volume fraction of φ = 1% and 500 ≤ Re ≤ 2000 with the numerical results of Lotfi et al. [25] and experimental result of 
Weng and Ding [36]. It can be seen from figure 4 that the results of present analysisare in excellent agreement with the experimental 
and numerical results of previous studies. 

 

 
 

Figure 3: Comparison of present numerical result with experimental data of Chai et al [19] 
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Figure 4: Comparison of present numerical result with past literatures 

4 Results and Discussion 
Figure 5a to 5c shows the comparison of time averaged Nu value between steady state and pulsating conditions for different ampli-
tudes and constant frequency. It is observed for all cases that at lower Reynolds number there is a significant increase in the unstea-
dy Nu value compared with steady Nu valuewhich is due to enhance mixing effect caused by introduction of pulsation into the flow 
domain. As Reynolds number increases there is an increase in Nu value for both steady and unsteady cases. Also, there is an increase 
in Nu values with increase in amplitude and frequency of pulsation. This shows that introduction of pulsation into the flow increases 
the rate of heat transfer when compared to steady case because it improves mixing process between the core and near wall fluid 
especially by predominating the viscous forces which is superimposed with the main flow [26]. It is also observed that the mixing 
effect as a result of pulsating amplitude diminishes at higher Reynold’s number because the dominant effect of the secondary flow 
due to the presence of rectangular rib in the flow domain [19] suppresses the mixing effect caused by the inlet pulsating flow condi-
tion at higher Reynolds number. 
 

 
 

Figure 5a: Comparison of Nu values at various amplitudes and a frequency of 100Hz with steady state 
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Figure 5b: Comparison of Nu values at various amplitudes and a frequency of 300Hz with steady state 

 
 
Figure 5c: Comparison of Nu values at various amplitudes and a frequency of 300Hz with steady state 

 
The effect of pulsating frequency on the heat transfer can be explained by the additional heat transfer enhancement which can be 
attributed to the supplementary mixing effect due to increase in flow unsteadiness which is proportional to the flows Womersley’s 
number (Wo). For a low value of Wo (1 or less), it means the frequency of pulsations is sufficiently low that a parabolic velocity pro-
file has time to develop in a complete cycle, and the flow will be very nearly in phase with the pressure gradient, therefore the flow 
properties is similar to that of steady state condition. When Wo is large (10 or more), it means the frequency of pulsations is suffi-
ciently large that the velocity profile is relatively flat or plug-like, and the mean flow lags the pressure gradient by about 90 degrees 
[37], this causes hydrodynamic and thermal boundary layer thinning that has a significant effect on heat transfer [26]. 
This can be observed in figure 6 that at a constant amplitude of 0.2 for a frequency of 100hz which correspond to a Wo of 3.4, there 
is a small increase in nusselt number values when compared to that of steady state which also increases with increase in Reynolds 
number. While for higher value of pulsating frequency of 300hz and 500hz which corresponds to Wo of 5.9 and 7.6, there is a larger 
increase in nusselt number value when compare to steady state condition due to higher mixing effect as a result of unsteadiness 
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caused by the pulsating frequency. 
 

 
 
Figure 6: Comparison of Nu values at various frequencies and an amplitude of 0.2 with steady state 

 
 

Figure 7: Comparison of favevalues at various Amplitudes and a frequency of 100Hz with steady state 

 
The average friction factor for different amplitude and Reynolds number is presented in Figure 7. The average friction factor is margi-
nally lower for unsteady case when compared to steady condition, which shows that athat significant thermal enhancement can be 
achieved through pulsating flow with a decrease in pressure drop. It is also observed that averagefriction factor value is higher in low 
Re region because at this region, the flow is more viscous in nature causing high pressure drop which leads to the enrichment in the 
friction factor. This implies that flow resistance decreases with higher flow velocity and lower pressure drop. 
 
5 Conclusion 
This study examinesnumerically the effect of Al2O3–water based nanofluids on heattransfer in an interrupted microchannel heat sink 
with rectangular rib under pulsating inlet flow conditionsusing the two-phasemixture model approach.The effects of pulsating ampli-
tude and frequency on the average Nusselt number are investigated. At the end of the investigation, the following conclusions are 
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arrived. 
• Pulsating inlet flow condition lead to asignificant increase in rate of heat transfer with a marginal reduction in average fric-

tion factor compared with the steady condition. 
• There is an increase in Nusselt number wheneverpulsating amplitude is increased. This is due to enhanced mixing within the 

flow domain; however, the effect is suppressed at higher Reynolds number. 
• A higer heat transfer enhancement is observed with increase in pulsating frequency compared withincrreasing pulsation 

amplitude. 
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