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ABSTRACT 

This paper describes a possibility of heat transfer enhancement in a mm-scale flow channel by using a combination of some projections and pulsating 

flow. The objective of this research is to develop a novel heat exchanger for miniaturized productions such as high-density packaging electronic 

equipment by applying pulsating flow to enhance heat transfer while inhibiting an increase of pressure drop. In order to evaluate the possibility of 

applying pulsating flow to miniature water channels, a three-dimensional flow and heat transfer analysis was performed. Heat transfer performance of 

a combination of pulsating water flow and a projection was investigated. The mechanism of heat transfer enhancement by the proposed combination 

was also investigated. The proposed combination enhances heat transfer in the channel remarkably. Heat transfer performance of pulsating flow around 

the projection was approximately 80% higher than that of steady flow in the channel without the projection. This was caused by the generation of 

counter flow behind the projection during the deceleration period. The counter flow ejected heated water near the projection and heat transfer 

enhancement is achieved. 
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1. INTRODUCTION 

Due to an increase of demanding of energy saving to build a 

sustainable society and further improvement of performance and 

functions of products such as electrical vehicles, air conditioning systems 

and electronic equipment, an innovation of heat transfer enhancement 

technology by forced convection is strongly demanded (e.g., Jaluria et 

al., 2020). Thermal management of electronic equipment is one of 

applications of forced convection. Forced convection by air or water is 

widely used for removing heat from electronic equipment (e.g., Panchal 

et al., 2017). In recent years, both downsizing and design improvement 

of electronic equipment have been required in order to respond to various 

requests by users. For instance, portable electronic devices, such as 

laptop personal computers, tablet computers, smartphones, and portable 

POS (point of sale) terminals, have become smaller and thinner whereas 

their functions have become more complex. As a result, the mounting 

density of electrical devices has significantly increased whereas the 

applicable cooling method has become limited because there is little 

space to mount cooling devices (Ditri et al., 2015; Fukue et al., 2010; 

Yang et al., 2015). In this regard, a novel heat exchanger that features 

high heat exchange performance and small dimensions is desired against 

the increase of heat dissipation in miniature devices in the near future. 

Several types of devices of heat transfer enhancement (e.g., Aliaga et al., 

1994; Bi et al., 2013; Colleoni et al., 2010; Reddy et al., 2015, etc.) have 

been widely investigated. Especially, several types of ribs are widely 

used for forced convection heat transfer enhancement. Zhao and Tian 
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(2019) have investigated the heat transfer enhancement of a chip heat 

sink by the combination of the ribs. Al-Turaihi et al., (2019) have 

evaluated the effects of semi-circle ribs on heat transfer enhancement.  

of These devices have shown high potential as the heat transfer 

enhancement methods for forced convection. However, in miniaturized 

heat exchangers, the flow passages of working fluid is narrow. The flow 

condition is laminar flow and the effect of viscosity is dominant. 

Therefore, an influence of pressure drop becomes more distinct. The 

above heat transfer enhancement devices also increase pressure drop. 

These devices generally enhance heat transfer by generating turbulence. 

However, in the narrow flow passages, the effect of viscosity becomes 

higher and the generation of turbulence is difficult. Therefore, the 

devices work as not the heat transfer enhancement device but 

obstructions of the flow. Hence, a novel technique that can enhance heat 

transfer in narrow flow passages while inhibiting the increase of pressure 

drop should be developed. 

Several studies (e.g., Saitoh et al. (2010); Inukai et al. (2005); 

Kikuchi et al. (1995); Shiibara et al. (2016)) have investigated special 

characteristics of pulsating flow from the viewpoint of heat transfer 

enhancement. A pulsating impinging jet was also investigated and the 

effects of heat transfer enhancement have been reported (e.g., Fukue et 

al., 2016; Hofmann et al., 2007; Liewkongsataporn et al., 2008). Souma 

et al. (2010) have reported pressure drop reduction of turbulent flow in 

the pipe by flow pulsation. As one of heat transport devices, several 

researches on pulsating heat pipes have been reported (e.g., Goshayeshi 

et al., 2016). It is possible that the application of pulsating flow to next-

generation heat exchangers for miniaturized thermal equipment would be  
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effective. 

However, in order to apply pulsating flow to the miniaturized heat 

exchangers, an effectiveness of pulsating flow in the actual flow passages 

in the heat exchangers should be investigated. In our previous research 

(Fukue et al., 2014), we experimentally investigated the heat transfer 

performance of pulsating air flow around a cylindrical block that 

simulated electronic components. It was found that the heat transfer 

performance around the cylindrical brock can be increased in the case of 

cm-scale pulsating air flow. As the next step, the effects of working fluid 

and the scale of flow passage on the heat transfer performance by 

pulsating flow should be investigated. It is beneficial to clarify whether 

or not pulsating flow is available for mm-scale flow channels that can be 

observed in the miniaturized heat exchangers and water flows as coolant. 

However, the experimental investigation of pulsating water flow in mm-

scale channels is generally difficult due to the control of the generation 

of the flow pulsation.  

Against these backgrounds, in this study, we focused on heat transfer 

in a water-cooling channel by pulsating flow from the viewpoint of 

improvement of heat exchange performance of miniaturized heat 

exchangers. As a preliminary investigation, a 3-dimensional CFD 

(Computational Fluid Dynamics) analysis of pulsating water flow in a 

mm-scale channel was carried out. In order to enhance heat transfer in 

the miniaturized channel while inhibiting pressure drop increase, we 

evaluated the possibility of heat transfer enhancement by pulsating flow 

in a simple square duct and a duct with a square projection, which can be 

used as heat transfer enhancement devices in a narrow duct. In order to 

investigate the mechanism of heat transfer enhancement by pulsating 

flow, the difference in flow pattern between steady water flow and 

pulsating flow was also examined. We clarified the possibility of 

applying pulsating flow to the miniaturized heat exchangers as a next-

generation heat transfer enhancement method. 

2. ANALYTICAL MODEL 

Figure 1 shows the analytical models investigated in this study. The 

dimensions of the analytical model simulated those of a flow channel in 

a miniature heat exchanger for cooling device of high heat flux electronic 

chips. The working fluid was water. In this study, in order to investigate 

the possibility of heat transfer enhancement by pulsating flow in a mm-

scale flow channel with small flow rate, transient laminar flow and heat 

transfer analysis in the low Reynolds number condition was performed. 

A square flow path having flow channel width and height of 5 mm was 

investigated. Two models were prepared: (a) was a simple square channel 

model to examine the possibility of heat transfer enhancement by 

pulsating flow in a simple channel (hereinafter called “Non-projection 

model”) and (b) was a channel with a projection (hereinafter called 

“Projection model”). The dimensions of the projection were 2.5 mm in 

height, 5.0 mm in width, and 2.5 mm in length. A constant heat flux was 

applied to the heating area set 30 mm behind the inlet boundary, as shown 

in Fig. 1. This simulated heat dissipation from an electrical chip mounted 

on the bottom of the heat exchanger. The length of the heating area was 

70 mm including the projection in the case of Projection model. Here, 

the surface of the projection did not have any heat flux. This simulated 

less expensive materials, such as resin, which has low thermal 

conductivity. This was intended to construct water flow channel in an 

actual heat exchanger by using low-cost materials. Then, heat transfer 

performance in the heating area was compared. Here, an additional flow 

channel of optimum length was prepared upstream and downstream of 

the heating area, respectively, in order to decrease the effects of the inlet  

and outlet boundary conditions on the flow and heat transfer on the 

heating area. Mesh number was approximately 180,000. As the CFD code, 

OpenFOAM, an open-source CFD toolbox, was used. As the solver, 

buoyantBoussinesqPimpleFoam, one of the OpenFOAM solver that 

transient thermal-fluid flow can calculate, was used. The governing 

equations were the equation of continuity, the Navier-Stokes equation and 

the energy equation (The Open CAE Society of Japan, 2016): 

 
(a) Non-projection model 

 

 

 
(b) Projection model 

 

Fig. 1 Analytical models of mini channel investigated in this study. 

 

    

 
(a) Flow boundary 

 

 

 
(b) Temperature boundary 

 
Fig. 2 Boundary conditions of each analytical model. 

 

 

(a) Equation of Continuity 
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where U
→

 [m/s] is velocity vector, t [s] is time, p [m2/s2] is static pressure 

divided by reference density,  [m2/s] is kinematic viscosity,   [K] is 

temperature and  [m2/s] is thermal diffusivity.  

Figure 2 shows the boundary conditions of the proposed analytical 

model. An inlet boundary was set at the upstream side of the analytical 

model. The outlet was the Non-reflective boundary condition (Kasuga, 
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2015; Nozaki, 2019) and other walls were the no-slip wall condition. 

Regarding the boundary conditions for heat transfer, the flow inlet was the 

constant temperature boundary. The flow outlet was the free outlet 

boundary. The heating surface, which is the bottom surface of the flow 

passage and corresponds to the cooling surface of the water-cooling device, 

was the constant heat flux boundary, and the top and side walls were the 

thermal insulation boundary.  

3. ANALYTICAL CONDITIONS 

Table 1 shows the analytical conditions. Figure 3 shows the time 

variation of the flow rate of pulsating flow. The following time-averaged 

Reynolds number was 25, 50, 100, and 150. Here, the subscript “t” means 

an instantaneous value and the top bar means a time-averaged value. 

 

                    (4) 

 

where uc [m/s] is the bulk mean flow velocity at the inlet, dc [m] is the 

hydraulic diameter of the flow channel and t [s] is time. In this report, dc 

was defined as the hydraulic diameter at the inlet boundary of the models. 

Pulsating frequency was set to 1 Hz and 2 Hz. The waveform of the flow 

rate was a trapezoidal wave, the maximum flow rate was reached in 0.1 

second from the start of acceleration, and the flow rate became zero in 

0.1 second from the start of deceleration. The instantaneous maximum 

flow rates in the case of the pulsating flow (V1max and V2max in Fig. 3) 

were higher than the maximum flow rate of the steady flow in order to 

match the time-averaged flow rate to that of the steady flow analysis. The 

definitions of transient supply flow change Vc,t [m3/s] during 1 pulsating 

period are as follows: 

 

- Pulsation frequency = 1 Hz : 1 Pulsation period = 1 sec. 

 

    (0 sec.  t  0.1 sec.)      (5) 
 

    (0.1 sec.  t  0.4 sec.)     (6) 
 

  (0.4 sec.  t  0.5 sec.)     (7) 
 

    (0.5 sec.  t  1.0 sec.)     (8) 

 

- Pulsation frequency = 2 Hz : 1 Pulsation period = 0.5 sec. 

 

    (0 sec.  t  0.1 sec.)      (9) 
 

    (0.1 sec.  t  0.15 sec.)   (10) 
 

  (0.15 sec.  t  0.25 sec.)  (11) 
 

    (0.25 sec.  t  0.5 sec.)   (12) 

 

4. EVALUATION METHOD 

Heat transfer performance on the bottom of the channel was 

evaluated by using the following local Nusselt number (Nux) and the 

average Nusselt number (Num).  

 

           (13) 

 

            (14) 

 
 

Table 1 Analytical conditions. 

Working fluid Water 

Red 25, 50, 100, 150 

Heat flux [W/m2] 4300 (Non-projection model) 

4400 (Projection model) 

Pulsating frequency Steady, 1 Hz, 2 Hz 

Mesh number Approx. 180,000 

 

 
Time [s] 

 

Fig. 3 Time variation of flow rate of pulsating flow. 

 

 
 

Fig. 4 Position of evaluation area of pressure drop. 

 

          (15) 

 

                 (16) 

 

where hx [W/(m2·K)] is the local heat transfer coefficient,  [W/(mK)] 

is thermal conductivity of the working fluid, x [K] is local temperature 

on the heating area, in [K] is inlet fluid temperature, q [W/m2] is heat 

flux and A [m2] is heating area. In this research, inlet temperature was 

used to define the heat transfer coefficient. In Eqs. (15) and (16), it was 

set as the average value for 1 second in a state where the flow was stable 

and the time variation of Nux,t of 1 second (1 process at 1 Hz, 2 processes 

at 2 Hz) did not change. The evaluation range of the average Nusselt 

number was set to 10 mm to 60 mm from the start of the heating area of 

the Projection model and the Non-projection model. 

   In addition, pressure drop in the channel was evaluated. The pressure 

difference between the upstream side and the downstream side of the 

channel as shown in Fig. 4 was evaluated. The level of the pressure drop 

was evaluated by using the following time-averaged friction coefficient 

fc that a normalized friction loss in the flow passage by dynamical 

pressure. 
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where Pc is the pressure drop in the channel and  [kg/m3] is water 

density. lc [m] is the distance between the evaluation points.  

 

 

In addition, in order to evaluate net heat transfer performance by 

pulsating flow, the net heat transfer rate per temperature difference E was 

defined as the following formula. 

 

mE h A=                   (18) 

 

Furthermore, the net pumping power W was defined as the following 

formula. 

 

c cW P V=                     (19) 

 

where Vc [m3/s] is the time-averaged volume flow rate and hm [W/(m2K)] 

is the average heat transfer coefficient was defined as the following 

formula. 
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5. ANALYTICAL RESULTS AND DISCUSSION 

5.1 Time-Averaged Local Nusselt Number of Non-Projection 

Model 

We investigate the effect of pulsating flow on heat transfer in the case 

of Non-projection model. Figure 5 shows the relationship between time-

averaged local Nusselt number and the position of the evaluation point 

on the heating area. We can see that there is no difference in time-

averaged local Nusselt number between pulsating flow and steady flow. 

Of course, the transient temperature distribution on the heating surface is 

changed according to the generation of the pulsation. However, from Fig. 

5, we can say that time-averaged heat transfer performance of pulsating 

flow in the simple duct does not depend on the pulsating frequency. The 

net heat transfer performance depends on Reynolds number. In this case, 

because the pulsating frequency is slow, the hot fluid near the wall cannot 

be ejected effectively by the generation of the pulsating flow. 

 

5.2 Time-Averaged Local Nusselt Number of Projection 

Model 

Next, heat transfer performance of pulsating flow in the case of 

Projection model will be investigated. Figure 6 shows the results of time-

averaged local Nusselt number in the case of Projection model. Here, the 

gray broken lines denote the position of the projection. In the case of 

steady flow, an increase of heat transfer behind the projection can be 

confirmed regardless of the generation of pulsating flow. This is caused 

by the mixing of the fluid flow by the projection. Due to the existence of 

the projection, heat transfer behind the projection is enhanced.  

On the other hand, in the case of pulsating flow, much higher heat 

transfer enhancement behind the projection is confirmed regardless of 

the time-averaged Reynolds number. In particular, the result for 2 Hz 

shows the highest local Nusselt number. The position of the highest local 

Nusselt number slightly changes according to the time-averaged 

Reynolds number. However, in the range of this study, the level of 

change of the position is small relative to the dimensions of the projection. 

In addition, in the case of Red = 100 and 150, local heat transfer  

 
Fig. 5 Relationship between time-averaged local Nusselt number 

distribution and position in the case of Non-projection model. 

 

 
Fig. 6 Relationship between time-averaged local Nusselt number 

distribution and position in the Projection model. 

 

performance increases in the area not only behind the projection but also 

upstream of the projection. 

 

5.3 Mechanism of Heat Transfer Enhancement by Pulsation 

In order to determine why pulsating flow enhances heat transfer around 

the projection, we will observe the flow pattern for one period of 

pulsating flow and the results of steady flow. Figure 7 shows the change 

of flow pattern around the projection. Figure 8 also shows the change of 

temperature distribution of working fluid around the projection. Here,  
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Fig. 7 Change of velocity distribution in the case of Projection model 

and 1 Hz pulsating frequency. The color of the velocity contour indicates 

the magnitude of the flow velocity. Here, the velocity was normalized by 

the maximum velocity magnitude in the case of 1 Hz. Time-averaged 

Reynolds number is 100. 

 

about the contours in the pulsating flow, the results of the pulsating 

frequency in 1 Hz and the time-averaged Reynolds number in 100 was 

denoted. 

In the case of steady flow, a flow separation behind the projection 

can be observed. In this area, a vortex is generated and rotates. This 

vortex mixes the flow behind the projection and causes higher heat 

transfer performance than the performance of Non-projection model. 

However, the flow between the projection and the top wall of the duct 

does not become complex and a laminar flow pattern can be observed. In 

addition, the area of flow separation is kept constant. The low Reynolds 

number condition is one of the reasons for maintaining the condition of 

the vortex behind the projection.  

On the other hand, in the case of pulsating flow, the transient change 

of the flow pattern can be observed. During the acceleration period, we 

can observe that the flow separation behind the projection slightly 

develops with time. This also means that the vortex in the separation area 

is also developed. The vortex development mixes the flow and enhances 

heat transfer behind the projection. On the other hand, in the deceleration 

period, we can find a counter flow behind the projection in the case of 

 
 
Fig. 8 Change of temperature distribution in the case of Projection model 

and 1 Hz pulsating frequency. Time-averaged Reynolds number is 100. 

 

pulsating flow. In addition, the vortex generated by the counter flow 

develops over the whole height direction of the flow passage. This flow 

pattern is different between pulsating flow and steady flow. In the 

deceleration period, the dynamical pressure of the main flow decreases 

due to the decrease of velocity. Thus, total pressure is not changed and 

static pressure increases. On the other hand, total pressure behind the 

projection becomes lower than that of the main flow because of flow 

separation. Therefore, when static pressure of the main flow increases 

with the decrease of flow velocity, a static pressure difference between 

the main flow and the flow separation area behind the projection is 

induced and flow can be generated by the occurrence of the sudden 

pressure difference in the deceleration period. This induces a counter 

flow and enhances heat transfer behind the projection. 

   We will also confirm the temperature distribution in the working 

fluid. In the case of the steady flow, higher temperature can be observed 

behind the projection. On the other hand, when the pulsating flow causes, 

the high temperature fluid near the rear wall of the projection is ejected 

from the separation area to the main flow pass by the counter flow. The 

ejected high temperature water is transported to the downstream by the 

main flow. This mechanism of the ejection of high temperature working 

fluid can supply cold working fluid to the downstream side of the  
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Fig. 9 Comparison of time-averaged average Nusselt numbers on the 

heating surface. 

 

projection continuously and enhances heat transfer performance rear the 

projection. 

 
5.4 Average Heat Transfer Coefficient 

   We will investigate average heat transfer coefficient in the channel 

heating area. Figure 9 shows the time-averaged average Nusselt numbers 

on the heating surface. About the steady flow analysis, the average 

Nusselt number of Projection model becomes higher than Non-projection 

model. This is caused by the generation of the complex flow by the 

projection. Furthermore, when pulsating flow is supplied, heat transfer 

enhancement by the projection becomes higher than the case of steady 

flow regardless of the Reynolds number. When pulsating frequency is 2 

Hz and Red = 150, the time-averaged Nusselt number for the combination 

of projection and pulsating flow is 82% higher than that for the 

combination of steady flow and Non-projection model. 

   From these results, we conclude that the combination of pulsating 

flow and projection is effective for enhancing heat transfer in a narrow 

flow passage. In addition, the results obtained for 2 Hz pulsating 

frequency indicate higher heat transfer enhancement than the results for 

1 Hz. This is because the impingement number of the counter flow 

becomes higher as a result of the higher frequency and the level of heat 

transfer enhancement becomes higher. 

 

5.5 Net Heat Transfer Performance 

   Finally, we evaluate an effectiveness of the pulsating flow as a heat 

transfer enhancement method from the viewpoint of net heat transfer 

performance including the pressure drop characteristic in the channel. 

   Figure 10 shows the relationship between the results of the friction 

coefficient of each analytical condition and the time-averaged Reynolds 

number. Here, in Fig. 10, the friction coefficient of fully-developed 

laminar flow in ducts (=64/Re) was also denoted. We can confirm that 

the friction drop in the channel is increased by the existence of the 

projection and the generation of the pulsating flow. About the effect of 

the projection on the pressure drop, the projection becomes an 

obstruction in the channel. Due to the existence of the projection, the 

main flow passage near the projection become narrower. This causes not 

only the heat transfer enhancement but also the pressure drop. 

Furthermore, when the pulsating flow is caused, the friction coefficient 

increases. This is caused by the sudden acceleration of the flow during 

the acceleration period of the pulsating flow. During the acceleration 

period, velocity gradient near the wall becomes higher and friction stress 

becomes higher. This causes the increase of the friction coefficient. This 

is a weak point of the application of pulsating flow to heat exchangers. 

Here, the analytical result of the friction coefficient of the steady flow in 

Non-projection model is higher than the friction coefficient of fully- 

 
Fig. 10 Relationship between friction coefficient and time-averaged 

Reynolds number. 

 

 
Fig. 11 Relationship between heat transfer rate and pumping power. 

Here, the results were normalized by those of Non-projection model in 

the case of Red = 25. 

 

developed laminar flow in ducts (=64/Re). This is because the evaluation 

area is near the inlet boundary. Therefore, the flow is not fully-developed 

and friction drop becomes higher than the fully-developed flow. 

  On the other hand, Fig. 11 shows a relationship between heat transfer 

rate and pumping power. Here, the results were normalized by those of 

Non-projection model in the case of Red = 25. We can see that the 

increase of the heat transfer rate as compared to the pumping power in 

the case of the pulsating flow becomes extremely higher than that of the 

steady flow. This means that the heat transfer enhancement of the 

combination of the pulsating flow and the projection is fruitful from the 

viewpoint of the efficiency of the heat exchanger. Indeed, the application 

of the pulsating flow increases the pressure drop. However, much higher 

heat transfer performance can be obtained against the increase of the 

pumping power. Therefore, we can conclude that the application of the 

pulsating flow can enhance heat transfer while inhibiting an increase of 

a net time-averaged work of the fluid machineries. 

6. CONCLUSIONS 

We investigated the possibility of enhancing heat transfer in a narrow 

cooling channel that is generally observed in miniaturized heat 

exchangers by using pulsating flow. In particular, we evaluated the heat 

transfer performance of pulsating flow of Non-projection model and 

Projection model respectively while changing the time-averaged 

Reynolds number and the pulsating frequency through 3D-CFD analysis. 

The change of the flow pattern during pulsating flow generation was 
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observed and the mechanism of heat transfer enhancement by pulsating 

flow was investigated. We obtained the following conclusions: 

• The combination of the pulsating flow and the projection can 

enhance heat transfer significantly in a mm-scale narrow water-

cooling channel. In the range of our numerical conditions, the 

largest increase in heat transfer performance of 82% can be 

achieved. The mechanism of heat transfer enhancement by 

pulsating flow involves the generation of additional vortices 

around the projection by the sudden change of the flow pattern 

by stopping the flow intermittently. 

• From the viewpoint of heat transfer efficiency, the application 

of the pulsating flow and the projection can enhance heat 

transfer performance while inhibiting an increase of a net time-

averaged work of the fluid machineries. This means that the 

total power consumption of heat exchange systems may be 

decreased by the application of the pulsating flow with 

felicitous manners. 

• Through this paper, we clarified the qualitative effectiveness of 

the combination of the pulsating flow and the rib on the heat 

transfer enhancement. As our future research, in order to 

conduct quantitative evaluations, an increase a reliability of the 

CFD analysis will be discussed. In addition, we intend to carry 

out additional investigation of heat transfer efficiency of 

pulsating flow and the effect of pulsating flow on decreasing 

power consumption through actual experiment. In order to 

increase heat transfer performance while decreasing power 

consumption of the pumps, optimization of projection 

configuration and pulsating wave pattern should be 

investigated. 
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NOMENCLATURE 

A area (m2) 

d hydraulic diameter (m) 

E net heat transfer rate per temperature difference (W/K) 

f friction drop coefficient 

h heat transfer coefficient (W/(m2K)) 

l distance (m) 

Nu Nusselt number 

P static pressure (Pa) 

q heat flux (W/m2) 

Red Reynolds number in the test channel 

t  time (s)  

u  velocity (m/s)  

W net pumping power (W) 

y height direction of channel (m) 

 

Greek Symbols  

  thermal diffusivity (m2/s) 

P pressure difference (Pa) 

  temperature (K)  

 thermal conductivity (W/(mK)) 

  kinematic viscosity (m2/s) 

 density (kg/m3) 

 

Subscripts  

1 1 Hz 

2 2 Hz 

c channel 

f working fluid 

in inlet 

m area average 

max maximum flow rate when pulsating 

p, pulsating pulsating flow condition 

s steady flow condition 

t instantaneous value 

w wall value 

x local value 
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