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The increasing waste heat density of chips requires advanced cooling technologies 

to prevent the chip from overheating. Two phase cooling in microchannels with a 

pin fin structure is a promising method which can extract high heat fluxes with a 

relatively low pressure drop. Current models to predict the performance of these 

devices typically assume a uniform heat flux along the flow direction. However, the 

local heat flux strongly depends on the local properties of the fluid and the local 

temperature in the adjacent heat spreader. This paper presents a novel model which 

couples a 2D analytical temperature field to a flow boiling model to obtain an 

accurate prediction of the boiling process and the maximum temperature at the chip 

interface. The effectiveness of the coupled model is demonstrated by an 

optimization study, which shows the sensitivity of design parameters on the 

maximum temperature.  

 

1. Introduction 

 The increasing number of transistors per unit area chip gives rise to an increasing waste 

heat flux density produced by chips [1]. Therefore, a high junction temperature or a non-

homogenous distribution of temperature is one of the most common causes of malfunction or 

shortened lifetime of the chip [2]. Advanced cooling technologies are required which can deal 

with the increasing heat flux densities and prevent the chip from overheating. Advanced cooling 

technologies involve liquid cooling in microchannels, flow boiling in microchannels, 

immersion cooling, impinging jet cooling and spray cooling [3]. 

 Within this paper, flow boiling in microchannels is considered. With this technology, high 

heat loads can be absorbed with a low flowrate and a compact design. A common problem in 

microfluidic flow boiling devices is the occurrence of boiling instabilities, leading to low heat 

transfer and high pressure fluctuations [4]. To mitigate this problem, TNO developed a 

staggered pin structure which can achieve cooling capacities in the order of ~250W/cm2 with a 

relatively low steady pressure drop [5]. Therefore, a complex hierarchical supply and outflow 

channel, typically seen in literature [6], is not required. In order to design a high-performance 

microchannel flow boiling cooling device, proper flow boiling models for microchannels are 

essential. 

a)    b)  

 

 
Figure 1. Schematics of flow boiling models: a) A fixed uniform heatflux cooled by a two 

phase flow. b) The coupled model for heat spreading and flow boiling.  



In a typical microchannel flow boiling device, the heat of the chip is first spread by a heat 

spreader to reduce the heat flux density before it is absorbed by the cooling fluid [6]. Existing 

models to predict the temperature of the chip do not take into account the heat spreading (Figure 

1a) [7, 8]. The heat flux is assumed to be constant over the length of the channel and the junction 

temperature is calculated subsequently, using a 1D thermal resistance model. This constant heat 

flux assumption, is inaccurate as the heat flux is a function of both the temperature of the heat 

spreader and the local properties of the fluid. In addition, the 1D thermal resistance model 

underpredicts the maximum temperature as lateral conduction is neglected. In order to take the 

2D heat spreading into account, a novel model is developed; Coupling a 2D temperature model 

to a micro channel flow boiling model (Figure 1b).  This coupled model can be used as a design 

tool to optimize the dimensions of the cooling device to prevent hot spots or high peak 

temperatures. Furthermore, the model can be extended to more complex designs involving a 

design containing multiple layers with different thermal conductivities.  

 

2. Coupled 2D temperature and flow boiling model 

2.1  Thermal model  

The 2D temperature field in the heat spreader can be described by a Fourier series [9]: 
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Where, Lx is the width of the heat spreader. The coefficients C1, C2, C3 and C4 are found using 

the heat flux profiles at the top and the bottom of the heat spreader, and the inlet temperature 

of the cooling fluid.  

A comparison between the classical 1D thermal resistance model and the 2D approach 

to model the temperature in the heat spreader is performed by calculating the temperature field 

inside a 4mm wide block (Figure 2). A 1mm wide heat source with a heat flux density of 

250W/cm2 is used as a boundary condition on top of the domain. In Figure 2b, the resulting 

temperature profile at the centreline of the domain is shown. This plot clearly shows, that the 

1D model significantly underestimates the temperature near the chip.  

a)        b)  

 

 

 

2.2 Flow boiling model  

To predict the overall cooling performance of the device, the flow behaviour of the cooling 

fluid is simulated along the length of the channel by a flow boiling model. This model 

determines the local heat flux from the heat spreader, 𝑞𝑠𝑝𝑟𝑒𝑎𝑑𝑒𝑟, into the cooling fluid and the 

Temperature of cooling fluid, 𝑇𝑠𝑝𝑟𝑒𝑎𝑑𝑒𝑟, along the flow direction of the channel. These are the 

required boundary conditions for the heat spreader model. 

Figure 2. a) The 2D temperature field of a 1mm wide chip on a 4mm wide block, calculated 

using equation 1. b) The 2D analytical model at x = 0mm compared to a 1D resistance model. 
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In the flow boiling model, it is assumed that the flow can be divided into two regimes: single 

phase flow (Figure 3a) and annular flow boiling (Figure 3b). In the single phase regime, the 

local heat transfer coefficient, ℎ𝑠𝑖𝑛𝑔𝑙𝑒 𝑝ℎ𝑎𝑠𝑒, is determined by a Nusselt relation for rectangular 

channels [10]. In the annular flow boiling regime the heat transfer coefficient, ℎ𝑏𝑜𝑖𝑙𝑖𝑛𝑔, is 

determined by the thermal conduction through the liquid film. The thickness of this film is 

determined by assuming that the shear stress in the liquid film is equal to the shear stress in the 

vapor core [8]. Furthermore, it is assumed that the channel walls act as fins and its enhancing 

effect on the heat transfer can be described by a fin formula [10]. The heat flux from the heat 

spreader into the cooling fluid is given by: 

𝑞𝑠𝑝𝑟𝑒𝑎𝑑𝑒𝑟(𝑥) = ℎ𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒(𝑥) (𝑇𝑠𝑝𝑟𝑒𝑎𝑑𝑒𝑟(𝑥) − 𝑇𝑓𝑙𝑢𝑖𝑑(𝑥)). (2) 

Where 𝑇𝑠𝑝𝑟𝑒𝑎𝑑𝑒𝑟(𝑥) is the temperature profile at the bottom of the heat spreader, ℎ𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒, the 

effective fin heat transfer coefficient and 𝑇𝑓𝑙𝑢𝑖𝑑(𝑥) is the fluid temperature. The two unknown 

variables 𝑇𝑠𝑝𝑟𝑒𝑎𝑑𝑒𝑟(𝑥) and 𝑞𝑠𝑝𝑟𝑒𝑎𝑑𝑒𝑟 are determined by coupling this boiling model to the 

earlier described heat spreader model.  

 

3. Results and discussion 

As an example of a typical use case of the above presented coupled model, two chips of 

3mm wide are considered on top of a 15mm heat spreader, each generating a heat flux of 

250W/cm2. The thickness of the heat spreader is set to be 1mm and the width and hight of the 

channels are set to 0.25mm and 1.0mm respectively. The resulting temperatures are plotted in 

Figure 4a. The fluid enters as single phase at 80℃ and the temperature rises until it reaches the 

boiling temperature (x ≈ 3mm). The peak temperatures at the top of the heat spreader are 140℃ 

and 130℃ respectively and are located at the chip interfaces. The difference in temperature is 

caused by the change in effective heat transfer coefficient (Figure 4b). For single phase, the 

heat flux is limited to ~30 kW/m2 K. In the boiling regime, a significant increase is observed to 

a heat flux of ~50-100 kW/m2 K. 

a)  b)  

 Figure 4. a) The temperature at the top and bottom of the heatspreader and fluid 

temperature. b) The effective heat transfer coefficient along the length of the channel. 

Figure 3.  A cross section of the cooling device depicting the plane at which the effective 

heat transfer coefficient, ℎ𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒, is assumed. Two different flow regimes: a) Single 

phase flow. b) Annular flow boiling. 



To further illustrate the applicability of the model, the temperature on top of the heat spreader 

is plotted for various heat spreader thicknesses, see Figure 5a. If the heat spreader is too thin 

(0.2mm) the local heat flux just underneath the chip becomes very high (Figure 5b), since the 

heat cannot spread well enough. This leads to a high peak temperature (150℃), resulting in 

possible chip damage. A too high thickness (2.0mm) will spread the heat well but leads to a 

higher temperature (143℃) as well, because of an overall larger thickness of the heat spreader. 

The optimal thickness for this chip configuration is found to be around 1.0mm, at which the 

maximum temperature is the lowest (139℃).  This example illustrates how to obtain the optimal 

dimensions for a chip cooling device. Similarly, the model can be comfortably used for other 

configurations.   

a) b)  

 

 

 

4. Conclusion  

This paper demonstrates the importance of coupling a 2D temperature model to a 

microchannel flow boiling model. The coupling is required to accurately simulate the non-

uniform heat flux along the cooling channel, as the local temperature of the heat spreader and 

the local properties of the fluid are dependent on one another. The applicability of the model is 

demonstrated using a simplified geometry. The model can be extended to incorporate more 

complex designs consisting of different materials. As such, the coupled model presented in this 

paper, warrants the opportunity to design an efficient cooling device, to reduce hot spots and 

achieve a low junction temperature. 
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Figure 5. a) The temperature at the top of the heatspreader for different heat spreader thicknesses. 

b) The heat flux into the cooling fluid, 𝑞𝑏𝑜𝑡𝑡𝑜𝑚 , for different heat spreader thicknesses.  


