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Abstract    
Heat fluxes in the data center have been increasing 

significantly due to the rise in advanced technologies such as 
Artificial Intelligence (AI), 5G, high-performance computing 
(HPC), and machine learning. The traditional air-cooling 
technology cannot handle high heat fluxes and requires a bigger 
heat sink; therefore, hindering high heat flux and high density 
in the data center. Two-phase cooling schemes are particularly 
appropriate for high heat flux situations because of their 
enhanced heat transfer coefficients and the non-linear 
relationship between heat flux and surface-to-fluid temperature 
difference. In this study, an experimental setup was developed 
to characterize and optimize the thermo-hydraulic performance 
of two-phase cooling cold plates intended for high heat flux 
applications. An improvement of 12% in thermal performance 
was obtained by cutting the original fins and creating mini-
channels perpendicular to the original microchannels without a 
significant pressure drop penalty. 

1. Introduction 
Ever-shrinking size of electronic systems necessitates 

higher circuit integration per unit area, which results in a rapid 
increase in heat generation density. Global data centers 
consumed around 200 billion kWh/year [1], which 
corresponded to 1.3% of total global electricity usage. About 
33% of this power is used for cooling in data centers [2]. The 
heat flux in electronic devices continues to increase and already 
exceeded the cooling capacity of air-cooling technology. 
Therefore, practical and efficient heat removal solutions that 
can make the system works at a safe operating temperature and 
ensure its reliability is required [3]. Liquids with high specific 
heat capacity, density, and incompressibility, can absorb, store, 
and carry a larger amount of thermal energy than air, making 
liquid cooling an attractive solution [4]. By adopting direct 
liquid cooling, not only is the heat flux and high-power 
demands met, but the reliability of the electronic devices is 
greatly improved [5]. There are two methods of liquid cooling: 
single-phase and two-phase liquid cooling. Single-phase 
cooling with water is the most popular liquid cooling method 
in data centers [6], [7]. It is reported that the highest heat 
transfer rate of single-phase cooling with water can be up to 
1150 W for a 27 𝑐𝑚2 chip [8], [9]. However, high temperature 
gradient on the chip surface and potential consequences of 
water leak are disadvantages of single-phase cooling with 
water. On the other hand, two-phase cooling systems, using 
dielectric refrigerants, can address power densities more than 
two times of single-phase systems [8] and eliminates the short 
circuit risk caused by a fluid leak. Two-phase cooling benefits 
the latent heat, not only resulting in larger cooling capacities 
compared to single-phase cooling, but it also provides more 

uniform surface temperature due to the boiling of coolant 
slightly above the saturation temperature.    

Jet-impingement and parallel flow are two of the most 
common flow configurations for two-phase cooling in 
electronic applications. Impingement microchannel cold plates 
in two-phase cooling can dissipate very high heat fluxes and 
results in lower pressure drop compared to parallel flow 
microchannel cold plate. Hadad et al. [10], [11] studied the 
hydraulic and thermal performance of impingement 
microchannel water-cooled cold plates numerically. Their 
results show that by replacing parallel microchannel cold plates 
with impingement microchannel cold plates, a considerable 
reduction in pressure drop is observed without any significant 
thermal performance penalty. Myung et al. [12] studied single-
phase and two-phase cooling performance of a hybrid 
microchannel/slot-jet impingement module using HFE-7100 as 
the coolant. The combination of microchannel and slot-jet can 
enhance surface temperature uniformity with less than 2℃ 
degree of the temperature gradient. Wan et al. [13] 
experimentally investigated the performance of four types of 
pin fin arrays in two-phase cooling: square, circular, diamond, 
and streamlined. Test results showed that the square micro pin 
fins presented the best boiling heat transfer, followed by 
circular and streamlined ones. 

Although dielectric coolants have lower thermal 
conductivity and higher prices than water, they are electrically 
non-conductive and therefore preferred when working with 
sensitive electronics. On the condition of coolant leakage, 
dielectric fluids can prevent circuits from being shorted and 
electrical discharge. Novec/HFE 7000 is a coolant with a low 
global warming potential and a low boiling point of 34℃  at 1 
atm. Its low boiling point and pressure allow IT devices to 
operate at low junction temperature and acceptable pumping 
power. Moreover, this low boiling point is a reason why this 
coolant attracts attention for two-phase electronics cooling 
applications. Yang et al. [14] investigated flow boiling heat 
transfer of HFE 7000 in nanowire-coated microchannels. They 
concluded that at heat fluxes lower than 120 𝑊⁄𝑐𝑚2, the heat 
transfer coefficient and critical heat flux (CHF) were enhanced 
by 344% and 14.9%, respectively. The enhancement of the heat 
transfer coefficient was due to the thin-film evaporation in the 
entire channels when the flow pattern was dominated by the 
capillarity-induced annular flow.   

The objective of this study is to improve the thermal 
performance of a two-phase microchannel impingement 
commercial cold plate by changing its original architecture. 
Indeed, convective flow boiling and number of bubble sites 
increase by creating mini-channels perpendicular to the 
original microchannels of the cold plate.      
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2. Experimental setup and heat sink design 

2.1. Flow Loop and Test Section 
Fig.1 shows a schematic of the experimental setup. A gear 

pump circulates the coolant through the components of the 
setup. A volumetric flow meter placed right before the inlet of 
the cold plate measures the flow rate.  Two T-type 
thermocouples at the inlet and outlet of the cold plate quantify 
the inlet and outlet coolant temperatures. Two pressure sensors 

at the inlet and outlet of the cold plate are used to measure the 
pressure drop across it. Mock package contains a cold plate and 
a copper block (with thermal conductivity of 380 𝑊⁄𝑚. 𝐾) 
which simulates a chip. As Fig. 2 illustrates, the cold plate is 
located on top of the copper block and is held with the help of 
a weight seat for applying a pressure of 15 psi to ensure an 
adequate surface contact between the cold plate and top surface 
of the copper block. To minimize contact thermal resistance, a 
thermal interface material (Kryonaut Thermal-Grizzly) with 

 
Figure 1: Schematic of the setup 

 
Figure 2: Mock package design 
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thermal conductivity of 12.5 𝑊⁄𝑚. 𝐾 is used to attach the cold 
plate to the top of the copper block. The copper block is 
insulated from the bottom and sides with the help of a ceramic 
sheet insulator and a fiberglass insulation layer, respectively. 
The desired power is supplied by four cartridge heaters 
embedded at the bottom sides of the copper block and 
connected to an AC power supply. Each cartridge heater can 
deliver 400 W of heat. The actual heat supplied to the cold plate 
is calculated by applying the Fourier law of conduction to the 
temperatures measured by three K-type thermocouples placed 
in the neck of the copper block. The outlet coolant is subcooled 
by means of a heat exchanger (connected to a chiller) preceding 
the reservoir. All sensors are connected to data acquisition to 
gather data in a LabVIEW program. A photo of the 
experimental setup is illustrated in Fig.3. The uncertainty of the 
measurement instruments is listed in Table 1. Novec/HFE 7000 
is chosen as the coolant. The thermophysical properties of 

Novec/HFE 7000 is presented in Table 2. Novec 7000 is a non-
ozone depleting fluid  

2.2. Heat Sink Design 
The original microchannel cold plate’s fin geometry and 

manifold are shown in Fig. 4.  The original fin thickness and 
channel width are both 0.1 mm and the fin height is 3 mm.  As 
shown in Fig. 4 (b), the manifold consists of 34 inlet jets with 

 
Figure 3: A photo of the setup 

Instruments Measurand Uncertainty DAQ 
module 

Pressure Gauges 
(Omega): 

PX309050A5V 
Pin, Pout ±0.8𝑘𝑃𝑎 NI-USB-

6009 

Coriolis Flow Meter 
(TacticalFlowMeter): 

TFM-1001 
Flow Rate ± 0.2% NI 9219 

T-type thermocouples: 
laboratory made Tin, Tout, Tb ±0.2 oC NI 9219 

Thermocouple 
(Omega): TJ36CASS-

116E-2-CC 

Heat Flux 
Measurement ±0.2 oC NI 9219 

Table 1. Measurement instruments and uncertainty. 

 
 

 
 

Figure 4: Original microchannels from top view 
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the diameter of 1 𝑚𝑚. Coolant impinges through these jets on 
the top of the fins and leaves the cold plate from the outlet on 
the top. The distance between the fin tip and jets is 0.3 𝑚𝑚 as 
mentioned in our previous work [15]. The improved design is 
obtained by machining 19 mini-channels of 0.5 mm width 
(wch) and 1 mm distance (d) perpendicular to the original 
microchannels. Fig.5 (b) illustrates the dimensions of the 
improved design. 

3. Results and discussions 

3.1. Effect of coolant inlet temperature 
To investigate the effect of coolant inlet temperature, an 

experiment was conducted with coolant inlet temperature 
varying from 25℃ 𝑡𝑜 48℃ and heat flux was increased from 7 
𝑊⁄𝑐𝑚2 to 71 𝑊⁄𝑐𝑚2. Flow rate was maintained at a constant 
value of 1 LPM. The effect of inlet temperature was studied on 
the two designs mentioned in section 2.2. Thermal and 
hydraulic performances of the two designs were evaluated by 
thermal resistance and pressure drop according to Eqs.1 and 2, 
respectively. A time period of about 40 minutes was spent 
before gathering each data point to make sure that the setup 
operated in a stable condition. It is observed in Fig. 6 and Fig. 
7 that thermal resistance remains almost constant at low heat 
fluxes when the flow is single-phase. After the onset nucleate 
boiling point (ONB), thermal resistance decreases with heat 
flux due to nucleate boiling with higher vapor quality. Thermal 
resistance decreases by increasing inlet temperature for a 
constant flow rate in a two-phase flow regime for both cold 

plate designs. The reduction of thermal resistance with inlet 
temperature is attributed to the higher vapor quality that is 
generated when coolant moves through the cold plate at close-
to-saturation temperatures. Cold plate’s twophase pressure 
drop increases by increasing heat flux due to more bubble 
generation. It is also shown that ONB occurs earlier at higher 
inlet temperatures for the same reason. On the other hand, by 
increasing coolant inlet temperature and consequently higher 
vapor quality, pressure drop rises as shown in Figs. 8 and 9. 

 
𝑅𝑡ℎ =  

𝑇𝑏−𝑇𝑖𝑛

𝑞"                                                             [1] 

Tb is average temperature of the cold plate’s base and Tin is 
coolant inlet temperature. q" is heat flux generated by the chip.   
 
𝛥𝑃 =   𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡                                                                     [2] 

𝑃𝑖𝑛 and 𝑃𝑜𝑢𝑡 are pressure at the inlet and outlet, respectively.   

3.2. Comparison of two cold plates designs’ performance 
    A comparison between the thermal performance of the two 
cold plate designs is presented in Fig 10 at a coolant inlet 
temperature of 36 ℃ and a flow rate of 1 LPM. As it can be 
seen, thermal resistance decreases by creating channels with a 
width of 0.5 mm perpendicular to the original microchannels. 
Average reductions of 11% and 9% in thermal resistance are 
observed for singlephase and two-phase, respectively by 
switching from the original design to the improved one. Since 
the original channels are too narrow (0.1 mm), convective flow 
boiling cannot be formed there. Indeed, low-velocity flow with 
a bubble generation similar to pool boiling is formed in 
channels and the major part of the flow bypasses the channels 

 𝜌 
(𝑘𝑔⁄𝑚3)  

𝑘  
(𝑊⁄𝑚. 𝐾)  

𝑐𝑝  
(𝐽⁄𝑘𝑔. 𝐾)  

𝜇  
(𝑘𝑔⁄𝑚. 𝑠)  GWP 

Novec/HFE 
7000  1400 0.075 1300 0.00045 420 

 
Table 2. Thermophysical properties of Novec/HFE 7000 

 
 

 
 

Figure 5: Improved deisgn, top – top view, bottom – 
perspective view 

 
Figure 6: The effect of coolant inlet temperature on thermal 
resistance 

 
Figure 7: The effect of coolant inlet temperature on thermal 
resistance of improved design. 

 
Figure 5: Improved deisgn, top – top view, bottom – 
perspective view 
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and leaves the cold plate to the exit. Creating the channels 
perpendicular to the original narrow channels, causes 
convective flow boiling in the channel network which results 
in lower thermal resistance. In the single-phase regime the 
thermal resistance decreases by creating the mini-channels as 
they let the channel network exchange heat by forced 
convection. Low-velocity flow in the narrow deep channels of 
the original design makes conduction heat transfer dominant 
which is significantly inefficient than forced convective heat 
transfer. Fig. 11 demonstrates that the pressure drop does not 
show significant sensitivity to the fin geometry since the major 
pressure drop occurs in the manifold’s small jets.                                

4. Conclusion 
In this study, a commercial two-phase cold plate was 

improved in design by machining minichannels perpendicular 
to its original microchannels. The obtained experimental 
results showed a significant improvement in thermal 
performance of the cold plate both in single and two-phase 
without a considerable hydraulic performance reduction. 
Indeed, created channels fortified convective heat transfer 
through the channel network and prevent the coolant to skip it 
before leaving the cold plate. Although by machining the mini-
channels the cold plate lost some heat transfer surface area, the 
number of bubble sites and channel Reynolds number 
increased. The performance of both designs was estimated for 
different coolant inlet temperatures and chip powers. As 
expected, the thermal resistance did not change remarkably 
with power in a single phase. However, it sharply decreased by 
increasing power in two-phase regime.  Two-phase thermal 
resistance decreased by increasing coolant inlet temperature 
while the pressure drop rose. 
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