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A B S T R A C T

The rapid growth of AI, 5G, and high-performance computing has created a critical need for effective cooling of 
high-power-density processors, as traditional air-cooling methods struggle to dissipate heat from chips at power 
levels of around 1000 watts. To address this challenge, this study presents a direct-to-chip liquid cold plate with 
distributed inlet nozzles and outlet slots, fabricated using electrochemical additive manufacturing. The thermal 
performance of this cold plate is experimentally evaluated and compared with a conventional skived-fin liquid 
cold plate. The study focused on a single high-power chip with a 1000 W thermal load and a 30 × 30 mm2 

footprint, using a water-propylene glycol mixture as coolant, with flow rates from 0.75 to 2.5 L/min and an inlet 
temperature of 45 ◦C. Different thermal interface materials, including grease-type and soft-metal types, are 
examined. Results indicate that the proposed cold plate reduces thermal resistance by 8%, increases the heat 
transfer coefficient by 6%, reduces pressure drop by 34%, and improves temperature uniformity compared to the 
referenced design. Using soft metal thermal interface material further decreases thermal resistance by 11%. 
Overall, the cold plate requires 60% less pumping power to achieve a maximum thermal resistance of 0.032 ◦C/ 
W. Beyond absolute cooling performance, the novelty of this work lies in integrating a distributed inlet–outlet 
design with manufacturing-ready fabrication, providing a scalable, experimentally validated platform for future 
high-power single-chip cooling designs. This approach emphasizes manufacturing-driven innovation, enabling 
flexible, high-performance cold plate designs for advanced electronic systems and data centers.

1. Introduction

Rapid growth in high-performance computing (HPC) technologies 
has significantly reshaped modern data centers, driven by artificial in
telligence, large-scale data handling, cloud services, and the Internet of 
Things [1,2]. One significant consequence of technological advance
ment is increased heat generation from the processor [3]. For instance, 
recent accelerator modules such as the NVIDIA GB200 and GB300 
Superchips, based on the Blackwell architecture, exhibit module-level 
thermal design powers (TDPs) exceeding 1 kW [4,5]. High power den
sities in data centers, often exceeding 30–40 kW per rack, pose chal
lenges for traditional air-cooling systems, which struggle to maintain 
safe operating temperatures. While increased airflow can mitigate heat, 

it often increases energy consumption and reduces operational effi
ciency [6,7]. Direct-to-chip liquid cooling (DLC) has emerged as a viable 
solution, providing three to five times the heat removal efficiency of 
conventional air cooling by targeting the chip level [8,9]. Among DLC 
methods, single-phase cold plates are widely used in modern data cen
ters, effectively managing thermal loads from GPUs and CPUs by 
circulating liquid coolant through microchannels or finned structures 
[10,11]. This approach ensures accurate thermal management, main
tains consistent component temperatures, and reduces energy con
sumption related to cooling. Direct-to-chip cooling, particularly through 
liquid cold plates, is crucial for next-generation data centers that utilize 
ultra-high-power processors. This technology addresses thermal chal
lenges while supporting sustainability and operational efficiency goals 
in the data center industry [12,13].
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Cold plates serve as essential heat-removal components in direct 
liquid cooling (DLC) systems designed for high-power electronics in data 
centers and typically utilize microchannel-based configurations. Since 
the pioneering work of Tuckerman and Pease [14], microchannel heat 
sinks have been widely adopted due to their high surface-area-to-volume 
ratio and strong convective heat transfer capability. The conventional 
cold plate consists of a cover plate with inlet and outlet ports for liquid 
coolant, along with a base plate with rectangular channels or pin-fin 
structures, affixed with CPUs or GPUs using a layer of thermal inter
face material [15–17]. Most liquid cold plates in data centers use par
allel finned microchannels, commonly fabricated via CNC machining or 
skiving [18–20]. Experimental studies have demonstrated their effec
tiveness for high-power-density cooling: skived-fin cold plates can 
dissipate substantial heat loads while maintaining low thermal resis
tance [21], and optimized operational strategies can significantly 
improve energy efficiency in data centers [22]. These studies confirm 
the maturity and effectiveness of conventional microchannel cold plate 
cooling for data center thermal management. While parallel-skived-fin 
designs remain prevalent due to their reliability and established 
manufacturing processes, recent research focuses on enhancing ther
mal–hydraulic performance through structural optimization and 
advanced design methodologies due to the need for even higher heat 
flux dissipation. Modifications to microchannel geometries, including 
variable cross-sections, fin-pitch adjustments, and multi-layer configu
rations, have shown improved heat transfer efficiency, though some
times at the cost of increased pressure drop or reduced fin effectiveness 
[23,24]. Furthermore, advanced manufacturing techniques, including 
diffusion bonding, have facilitated the development of multi-layer cold 
plate designs that enhance thermal performance while maintaining 
comparable hydraulic penalties [24]. Additionally, numerical modeling 
and simulation studies indicate that optimized channel layouts and flow 
configurations can lower cooling power requirements and improve 
overall system efficiency [25]. Comparative analyses highlight the need 
to balance thermal performance with pumping power, reinforcing the 
continued importance of design innovation in liquid-cooling systems 
[26].

Recent studies have explored geometric modifications and advanced 
flow-distribution strategies to address the increasing heat flux in high- 
power electronics, as conventional skived-fin cold plates often suffer 
from non-uniform temperature distribution and high pressure drops due 
to narrow microchannels. To address these issues, Huber and Viskanta 
[27] introduced an advanced cooling system that utilizes multi-nozzle 
jet impingement with a distributed inlet and outlet configuration. This 
system features adjacent inlet nozzles and exit holes for spent fluid, 
optimizing flow paths and reducing thermal and hydraulic boundary 
layers. As a result, it achieves better heat transfer efficiency, lower 
pumping power, reduced thermal resistance, and more uniform distri
bution of temperature across the heated surface. The introduction of 

distributed inlet nozzles and exit holes has garnered significant recog
nition among researchers as an advancement in liquid-cooling solutions 
[28–41]. Building on this concept, several studies have investigated 
distributed inlet-outlet jet impingement configurations to enhance 
thermal performance and improve temperature uniformity. 
Brunschwiler et al. [42] developed an innovative submerged liquid-jet- 
impingement cold plate featuring micron-sized nozzles and a well- 
distributed return manifold, achieving highly uniform cooling without 
the need for a base plate or thermal interface materials. Rattner [43]
showed that incorporating extraction ports in jet arrays mitigates flow 
maldistribution and pressure losses, although the study was limited to 
idealized configurations. Hybrid approaches combining jets and 
microchannels have also been explored to balance thermal resistance 
and pumping power [44]. Wei et al. [45] demonstrated cost-effective 
polymer-based multi-jet cooling systems with competitive thermal per
formance, highlighting the potential of alternative materials and 
simplified fabrication routes. Additive manufacturing has further 
expanded the design space for distributed jet impingement cooling. Wei 
et al. [46] and Moloudi et al. [47] demonstrated that 3D-printed poly
mer and metal jet impingement coolers can effectively dissipate high 
heat loads in large-die and automotive electronics, respectively. En
hancements such as micro pin-fins on the rear side of the chip [48] and 
compact, lid-compatible jet manifolds with distributed inlets and outlets 
[49] had further improved heat transfer performance and temperature 
uniformity. Distributed jet impingement has also been extended to 
multi-chip and 2.5D high-performance computing packages, where 
Patel et al. [50] highlighted its effectiveness in managing high total 
power dissipation while maintaining acceptable pressure drops. 
Collectively, these studies demonstrate the strong potential of distrib
uted inlet–outlet jet impingement for high-power cooling, while also 
indicating that most existing implementations focus on direct or bare- 
chip cooling rather than fully integrated cold plate architectures.

While conventional liquid cold plates and jet-impingement cooling 
modules are typically fabricated by machining, skiving, or conventional 
metal additive manufacturing, these approaches have limitations for 
producing highly detailed internal geometries with small feature sizes. 
Electrochemical additive manufacturing (ECAM) has recently emerged 
as a promising alternative for fabricating intricate cold plate structures 
with improved geometric resolution and surface quality [51]. Unlike 
laser-based or binder jet metal additive manufacturing, ECAM relies on 
electrodeposition, enabling finer feature control and smoother surfaces 
suitable for high-performance electronic cooling applications. Minimum 
feature sizes on the order of tens of micrometers can be achieved, 
making ECAM particularly attractive for optimized cold plate designs. 
Recent studies have demonstrated the feasibility of fabricating func
tional cold plate components using ECAM, highlighting its potential for 
direct-to-chip liquid cooling in data center environments [52,53].

A comprehensive review of existing literature indicates that 

Nomenclature

Aheated heated surface area or footprint (m2)
Cp specific heat (J/kg⋅K)
happ apparent heat transfer coefficient (W/m2⋅K)
MATD mean absolute temperature deviation (K)
Δp pressure drop (Pa)
PP pumping power (W)
PP* normalized pumping power (W/m2)
Q total heat input (W)
Qfluid effective heat carried out by the fluid (W)
Rc-in,avg average case-to-inlet thermal resistance (K/W)
Rc-in case-to-inlet thermal resistance (K/W)
Rc-in,max maximum case-to-inlet thermal resistance (K/W)

R*
c− in,avg normalized average case-to-inlet thermal resistance (K⋅m2/ 

W)
Tc,avg average case temperature (K)
Tbulk bulk mean fluid temperature (K)
Tc case temperature (K)
Tin fluid inlet temperature (K)
Tout fluid outlet temperature (K)
Tc,max maximum case temperature (K)
Tc,min minimum case temperature (K)
V̇ volumetric flow rate (L/min)

Greek symbols
ρ density (kg/m3)
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distributed inlet-outlet configurations in cold plates can significantly 
improve coolant distribution, reduce thermal resistance, and enhance 
temperature uniformity, making them particularly effective for high- 
power electronics cooling. However, most prior research on distrib
uted inlet–outlet designs has focused on bare-chip cooling, often using 
water as the working fluid and simplified heating blocks, rather than 
integrating the concept into a full cold plate structure. Consequently, 

there is a need for manufacturable, experimentally validated cold plates 
that implement the distributed inlet–outlet principle. In previous studies 
[54,55], our research focused on the distributed inlet-outlet jet 
impingement cold plate (DIOJIC-CP), which underwent numerical 
analysis and demonstrated superior performance when compared to 
conventional skived-fin cold plates, particularly in terms of thermal 
resistance and pumping power. Motivated by these prior numerical 

Fig. 1. Detailed schematics of the DINOS-CP, featuring isometric, sectional, and exploded views that illustrate the components of the cold plate and the fluid flow 
configuration.
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investigations, this study presents the Distributed Inlet Nozzles and 
Outlet Slots Cold Plate (DINOS-CP). In contrast to our earlier work, 
which focused exclusively on the numerical analysis of the DIOJIC-CP 
with a straight inlet–outlet nozzle configuration, the current research 
introduces a significantly revised DINOS-CP geometry that incorporates 
converging inlet nozzles and diverging outlet slots. This new design has 
been specifically tailored for compatibility with ECAM 3D printing and 
has undergone experimental validation. The ECAM-compatible DINOS- 
CP aims to further minimize pressure drop while simultaneously 
enhancing thermal performance. This study addresses the limitations of 
prior research by integrating the distributed inlet-outlet concept with an 
experimentally validated, ECAM-compatible cold plate design that is 
ready for fabrication. This development represents a significant 
advancement for practical high TDP applications in electronic cooling, 
utilizing safe and commonly used coolants in data centers such as PG25. 
The overall thermo-hydraulic performance of DINOS-CP is being 
experimentally investigated to effectively dissipate a TDP of 1000 watts 
from a TTV, extending our earlier multi-heat-source numerical in
vestigations to an experimentally validated single-heat-source configu
ration. By integrating design, fabrication, and experimental 
investigation, this research presents a comprehensive methodological 
framework for the cooling of high-power-density electronics. Perfor
mance is benchmarked against conventional designs and the existing 
literature, providing practical insights into scalable, manufacturable 
cold plate solutions. This approach advances the field of electronic 
thermal management and supports energy-efficient operation of modern 
high-power devices.

2. Design overview

2.1. Cold plate design

This work introduces an innovative liquid-cooling solution specif
ically engineered to efficiently manage the heat generated by electronic 
chips with a TDP of 1000 watts or greater. The cold plate, designated as 
the Distributed Inlet Nozzles and Outlet Slots Cold Plate (DINOS-CP), 
features an innovative distributed design comprising inlet nozzles and 
outlet slots. This new design represents a significant advancement over 
our prior model, the Distributed Inlet-Outlet Jet Impingement Cooling 
Cold Plate (DIOJIC-CP) [54], which was primarily investigated numer
ically. In contrast to the earlier configuration DIOJIC-CP, which used 
straight inlet and outlet nozzles, the present design incorporates 
converging inlet nozzles and diverging outlet slots. This modification 
improves flow distribution, enhances local convective heat transfer, and 
reduces pressure drop, thereby yielding superior thermo-hydrodynamic 
performance.

Fig. 1 illustrates the schematics of the isometric, sectional, and 
exploded views of the DINOS-CP. The DINOS-CP comprises five prin
cipal components: (i) nozzle plate, (ii) manifold plate, (iii) lid plate, (iv) 
base plate, and (v) cover plate, as detailed in Fig. 1. The illustration also 
provides information on the flow configurations and the arrangement of 
inlet nozzles and outlet slots within the cold plate. The coolant enters the 
cold plate through the inlet and is distributed within the manifold plate. 
The fluid then passes through an array of converging inlet nozzles and 
impinges into a cavity region located beneath the nozzle plate. 
Following the impact on the upper surface of the lid plate within the 
cavity region, the heated coolant is guided through adjacent diverging 
outlet slots into the outlet plenum in the base plate and subsequently 
exits the cold plate. This distributed design of the inlet nozzles and outlet 
slots significantly reduces the fluid flow length within the cavity, 
thereby enhancing thermal performance and minimizing pressure drop. 
The inclusion of micro-scale pin fins within the cavity region further 
augments heat transfer by increasing surface area and promoting local 
flow mixing.

Building on the overall flow configuration illustrated in Fig. 1, the 
nozzle plate serves as the primary element regulating coolant distribu
tion and thermal performance within the cavity region. As depicted in 
Fig. 2, the underside of the nozzle plate features a cavity populated with 
an array of cylindrical micro-pin fins that extend toward the lid plate. 
The strategic positioning of the pin-fins on the nozzle plate ensures that 
a column of pin-fins is centrally positioned between a column of inlet 
nozzles and an outlet slot. The upper surface of the nozzle plate features 
straight fin channels that facilitate the systematic collection of the 
heated coolant after it impacts the lid plate. Along the length of each fin, 
several converging inlet holes are strategically distributed to deliver 
coolant from the manifold plate into the cavity region with controlled 
momentum. Additionally, the straight fins are surrounded by several 
diverging outlet slots that transport heated coolant from the cavity to the 
outlet plenum in the base plate. This comprehensive arrangement of 
converging inlet nozzles, pin fins, and diverging outlet slots ensures 
uniform flow distribution, and suppresses localized hot spots, thereby 
promoting enhanced heat transfer and improved temperature unifor
mity across the heated surface.

The manifold plate and lid plate primarily facilitate uniform coolant 
distribution to the inlet nozzles and serve as the interface between the 
cold plate and the heated surface, respectively. While these components 
are essential for the overall operational efficacy of the system, the spe
cific geometrical features of these elements are secondary to the 
fundamental thermal mechanisms discussed herein. For clarity and 
conciseness, detailed geometrical dimensions and component-level 
specifications for the nozzle plate, manifold plate, and lid plate are 
provided in Section S1 of the Supplementary Information, along with a 
summary table of key dimensions (Table S1).

2.2. Fabrication utilizing ECAM 3D printing

The manifold plate, nozzle plate, and lid plate of the DINOS-CP are 
fabricated as a single unit using Electrochemical Additive 
Manufacturing (ECAM), a metal 3D printing method that allows high- 
resolution deposition of copper (99.95% purity) components with 
complex internal geometries [51,53]. ECAM is considered for this work 
because it enables the precise fabrication of intricate features such as 
converging inlet nozzles, diverging outlet slots, and micro pin-fins, 
which are challenging to produce using conventional machining or 
alternative additive manufacturing techniques. By utilizing a water- 
based copper ion feedstock and a microelectrode array printhead, 
ECAM achieves micron-level resolution (33 μm voxel size), high mate
rial density, and excellent surface quality (surface finish Ra below 1.3 
μm), making it well-suited to realize the optimized thermo-hydraulic 
design of the cold plate. The ECAM-deposited copper has a thermal 
conductivity of 380 W/m⋅K and an ultimate tensile strength of 310–379 
MPa. After the 3D-printed component is completed, additional 
machining is performed to create screw holes in the lid plate. The fully 
assembled DINOS-CP integrates this 3D-printed part with the base plate 
and cover plate, both fabricated from brass via CNC machining. O-rings 
and fasteners ensure a leak-proof seal at three junctions: (i) between the 
bottom of the base plate and the lid plate, (ii) at the manifold plate, 
slightly elevated above the inlet manifold chamber to facilitate a press- 
fit with the cover plate using an O-ring, and (iii) between the base plate 
and the cover plate, as illustrated in Fig. 1. The 3D-printed component is 
inserted into the base plate from the bottom and covered by the cover 
plate on top, leaving only the underside of the lid plate visible. Fig. 3
shows the integrated 3D-printed unit comprising the manifold, nozzle, 
and lid plates, while Fig. 4 presents the complete assembly of the DINOS 
cold plate. The red rectangle indicates the heated section, which will 
interface with the TTV heated surface using TIM. The details regarding 
the TTV and the test section will be elaborated upon in the subsequent 
section.
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3. Experimental methodology

To assess the thermo-hydraulic performance of the fabricated 
DINOS-CP, a comprehensive experimental investigation is conducted. 

Moreover, a comparative study has been conducted between the DINOS- 
CP and SF-CP, serving as the baseline reference. The SF-CP consists of a 
base plate, skived fin plate, and cover plate with inlet and outlet barbs. 
The skived fin plate contains multiple straight microchannels formed by 

Fig. 2. Schematic representation of nozzle plate, highlighting cavity zone, pin-fins, outlet channels, and configurations of inlet converging nozzles and diverging 
outlet slots.

Fig. 3. 3D printed part integrating lid plate, nozzle plate, and manifold plate, fabricated using ECAM 3D printing.
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skived fins with a thickness of 0.15 mm and a height of 2 mm, creating 
uniform flow passages with a width of 0.15 mm. The outer structure of 
the SF-CP is similar to that of the DINOS-CP, allowing a fair comparison 
between the innovative design and the baseline commercial product. 
Detailed schematics of the SF-CP are provided in the Supplementary 

Information (Fig. S3). The subsequent subsections provide a compre
hensive overview of test section configuration, the components of the 
experimental loop, the instrumentation employed, as well as the meth
odologies utilized for data reduction and uncertainty analysis.

Fig. 4. Complete assembly of the DINOS cold plate, including inlet/outlet barbs.

Fig. 5. Test section description: (a) schematic of the exploded views of the cold plate and TTV, (b) heater block with location of thermocouples, and (c) the thermal 
test vehicle (TTV).
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3.1. Test section description

The test section, illustrated in Fig. 5, comprises a DINOS cold plate 
mounted on a TTV. This TTV is equipped with a copper heating block 
that incorporates four 300 W cartridge heaters. The copper block is 
enclosed within a Bakelite insulation housing, which serves to minimize 
heat losses and ensure that heat is primarily directed to the TTV heating 
zone. The TTV features a single heating zone measuring 30 × 30 mm2, 
with the cold plate securely affixed using fasteners and a stiffener plate. 
The bottom side of the cold plate is meticulously positioned to match the 
heating zone, and a TIM is applied between the cold plate and the TTV to 
enhance thermal contact and mitigate interfacial thermal resistance. 
Two types of TIMs are utilized in separate experiments: a grease-type 
TIM, designated CryoFuze7 [56], claiming a thermal conductivity of 
14 W/m⋅K, and a soft metal TIM, known as FlexiMetal [57], demon
strating a thermal conductivity of 35 W/m⋅K. In both cases, an initial 
TIM thickness of 0.2 mm is employed to ensure uniform coverage across 
the heated surface. This thickness is critical, as it prevents direct contact 
between the thermocouple tips and the cold plate base; the thermo
couples are intended to measure the temperature of the heated surface 
rather than that of the cold plate itself. The comparison between the 
lower-conductivity grease TIM and the higher-conductivity soft metal 
TIM facilitates an evaluation of the impact of interfacial thermal resis
tance on the heated surface temperature and overall heat transfer per
formance. In accordance with the OCP guideline 2023 for the 1 kW OAM 
TTV design [58], a single thermocouple is positioned at the center of the 
heating zone earlier. However, a single sensor is insufficient for 
capturing the center, average, and maximum surface temperatures 
simultaneously. Numerical simulations of both cold plates are con
ducted to identify the hotspot region, revealing that it is located far from 
the center of the heated surface (see Fig. S5 in Section S3 of the Sup
plementary Information). Based on the temperature contour plots, five 
thermocouples are strategically placed on the heated surface to measure 
the center, average, and maximum surface temperatures of the TTV. 
They are embedded in grooves of the TTV surface and covered with a 
TIM layer to minimize thermal contact interference. This design ensures 

optimal thermal contact while accurately capturing localized surface 
temperatures. A direct comparison between the numerical model and 
experimental measurements shows good agreement in average surface 
temperature, confirming the model's suitability for guiding thermo
couple placement (see Supplementary Information, Section S3). Ulti
mately, the performance of the newly designed DINOS cold plate is 
evaluated experimentally and subsequently compared with a reference 
SF-CP. This comparative analysis, in conjunction with measurements 
using different TIMs, highlights the effectiveness of the DINOS design in 
improving overall heat transfer performance compared to conventional 
cold plate designs.

3.2. Flow loop and instrumentation

The schematic layout of the experimental setup utilized to assess the 
thermo-hydraulic performance of the DINOS-CP is illustrated in Fig. 6. 
The test facility is constructed as a closed-loop circulation system, 
comprising circulating water bath, flow meter, test section, pump, data 
acquisition (DAQ) system, differential pressure transducer (DPT), DC 
power supply, and desktop computer. A comprehensive specification of 
all components employed in the experimental arrangement is presented 

Fig. 6. Schematic diagram of the experimental configuration used to assess the thermo-hydraulic performance of DINOS-CP.

Table 1 
Information regarding the equipment utilized in the experiment [54].

Equipment Make and Model

Data acquisition system Yokogawa, MX100
Pump GOOD Pumps, 12 V DC 72 W, Maximum capacity 6 

L/min
Differential pressure 

transducer
Yokogawa, EJA110A (Range: 0–98 kPa, ±0.065% of 
span)

Flow meter Yokogawa, AXF005G (Range: 0.12–11.78 L/min, 
±0.35%)

Circulating coolant bath LENON Instruments, J-610 (− 10 ◦C to 90 ◦C, 
±0.1 ◦C)

DC power source NICE-POWER, R-SPS630–232, Output: 0-60 V / 0- 
30 A

Thermocouples T-type (probe), ±0.1 ◦C
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in Table 1. Information regarding the equipment utilized in the experi
ment. The DC power supply delivers electrical power to cartridge 
heaters integrated within the heating block of the TTV, facilitating the 
generation of a uniform and controlled heat flux. The heated copper 
block is encased within a Bakelite insulation housing to mitigate heat 
losses to the environment and ensure precise thermal measurements. 
The coolant used in all experiments consists of a propylene glycol–water 
mixture (PG25) supplied from a circulating, temperature-controlled 
coolant bath. The coolant is introduced into the test section at a 
controlled inlet temperature of 45 ◦C and a specified volumetric flow 
rate, regulated by an integrated pump. After traversing the heated sur
face and absorbing heat from the cold plate, the coolant returns to the 
water bath, where it is reconditioned to the designated temperature 
before being recirculated. T-type thermocouples are implemented to 
measure temperatures at both the inlet and outlet of the cold plate, as 
well as on the heated surface of the TTV. The DPT continuously records 
the pressure drop across the cold plate, while the flow meter quantifies 
the instantaneous volumetric flow rate of the coolant. All temperature, 
pressure, and flow data are monitored in real-time via the DAQ system, 
and the measurements are transferred to a desktop computer for further 
processing and analysis. The experiments are carried out under a con
stant heat load of 1000 W while systematically varying the inlet volu
metric flow rate within the range of 0.75 L/min to 2.5 L/min. This range 
of operating conditions enables the investigation of both the thermal 
and hydraulic characteristics of the DINOS cold plate. To ensure 
repeatability, each test point is recorded after steady-state conditions are 
attained, as verified by temperature and pressure stabilization within 
±0.2 ◦C and ± 1%, respectively. A photograph of the complete experi
mental setup is provided in Fig. S6 of the Supplementary Information.

3.3. Data reduction and uncertainty analysis

In this experimental investigation, multiple critical parameters are 
precisely monitored under typical atmospheric conditions within the 
laboratory, which is maintained at a constant room temperature of 
27 ◦C. The parameters consisted of the temperatures at the inlet and 
outlet of the working fluid, the pressure difference across the cold plate, 
the volumetric flow rate at the inlet, and the temperatures of the surfaces 
being heated. Data collection is conducted utilizing a DAQ system to 
ensure both precision and reliability. The heat input is determined by 
multiplying the input voltage by the current flowing through the system, 
thereby providing a quantifiable amount of power supplied for the 
experiment. It is crucial to recognize that heat can be lost through 
thermal interactions with the environment surrounding the test section. 
Consequently, the effective heat carried by the liquid coolant (Qfluid) 
within cold plate is expected to be lower than the total heat supplied (Q). 
The precise quantity of heat absorbed by the coolant can be assessed as 
follows: 

Qfluid = ρV̇Cp(Tout − Tin) (1) 

In this context, ρ denotes the fluid density, while Tin and Tout repre
sent the inlet and outlet temperatures, respectively. The volumetric flow 
rate of the fluid at the inlet is denoted by V̇, and Cp represents the specific 
heat capacity of the fluid. Heat loss is assessed by determining the dif
ference between the total heat supplied and the actual heat transferred 
by the coolant. During the course of this experiment, a maximum 
observed heat loss of 5% was recorded.

The case-to-inlet thermal resistance (R) is determined using three 
representative surface temperatures collected from five strategically 
positioned thermocouples: the center temperature, referred as the case 
temperature (Tc), the average case temperature (Tc,avg), and the 
maximum case temperature (Tc,max) [59]. It is important to clarify that 
the term “case” pertains to the heated surface of the TTV to which the 
thermocouples are affixed. The Tc is frequently employed in industry 
and in OCP documents [58,60] as the reference “case temperature” for 

calculating case-to-inlet thermal resistance. The maximum temperature 
is of particular significance, as it denotes the threshold or maximum 
allowable operating temperature of the chip, which directly affects both 
reliability and safety considerations. The average surface temperature is 
the mean value derived from all five thermocouple readings, thus 
providing a comprehensive assessment of the thermal performance 
across the heated region. By assessing thermal resistance using all three 
temperatures, this analysis encompasses both industry-standard metrics 
and safety-critical benchmarks while also quantifying the average 
thermal performance. Utilizing these temperatures, three thermal re
sistances are evaluated as follows: 

Rc− in =
Tc − Tin

Qfluid
(2) 

Rc− in,max =
Tc,max − Tin

Qfluid
(3) 

Rc− in,avg =
Tc,avg − Tin

Qfluid
(4) 

In this context, Qfluid is utilized to determine the thermal resistance, 
rather than relying on the total heat input, Q. This method ensures that 
the calculated thermal resistance accurately reflects the actual heat 
dissipated from the heated surface, while also accounting for any losses 
through insulation or to the surrounding environment.

Temperature uniformity on the heated surface of the TTV is assessed 
using the mean absolute temperature deviation (MATD) metric, which 
serves as a measure of the deviations in the surface temperature field 
from the mean value. In the current experimental setup, five thermo
couples have been strategically embedded within the TTV at selected 
locations to capture the temperature distribution across the heated area 
effectively. While the precise spatial minimum temperature cannot be 
assured through discrete sensors, the extremes among the recorded 
points provide a reliable indication of temperature non-uniformity. 
Therefore, the MATD is defined as the average absolute deviation of 
both the maximum and minimum measured temperatures from the 
average surface temperature. The metric is articulated as follows: 

MATD =

⃒
⃒Tc,max − Tc,avg

⃒
⃒+

⃒
⃒Tc,min − Tc,avg

⃒
⃒

2
(5) 

A lower MATD value indicates improved temperature uniformity and 
reduced hotspot severity on the heated surface. The apparent heat 
transfer coefficient (happ) is determined by: 

happ =
Qfluid

Aheated
(
Tc,avg − Tbulk

) (6) 

In this context, Aheated refers to the heated area of the TTV, while Tbulk 
denotes the bulk mean temperature of the working fluid, which is 
determined as the average of the inlet and outlet fluid temperatures. The 
pumping power (PP) is derived from the measured pressure drop (Δp) 
across the cold plate, in conjunction with the inlet volumetric flow rate 
(V̇), as expressed in the following manner: 

PP = V̇ ×Δp (7) 

A precise estimation of uncertainty is essential for assessing the 
reliability of experimental results. This study examines uncertainties in 
measured parameters, including temperature, volumetric flow rate, and 
pressure drop, by addressing both random and systematic errors. 
Random errors arise from environmental fluctuations and noise, which 
are evaluated through statistical analysis of multiple readings. The 
standard deviation represents the random uncertainty. Systematic er
rors, on the other hand, originate from instrument calibration and 
consistent biases, and are estimated based on manufacturer specifica
tions and calibration certificates. The combined standard uncertainty 
(coverage factor = 1) is calculated by propagating both random and 
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systematic errors using the root-sum-square method. Furthermore, for 
derived parameters such as heat absorbed by the fluid (Qfluid), thermal 
resistance (R), mean absolute temperature deviation (MATD), apparent 
heat transfer coefficient (happ), and pumping power (PP), uncertainties 
are propagated through functional relationships. Each variable's 
contribution is weighted according to its sensitivity, employing standard 
error propagation formulas to ensure accuracy in the assessment. 

ΔU
U

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[(
Δu1

u1

)2

+

(
Δu2

u2

)2

+ … +

(
Δun

un

)2
]√

√
√
√ (8) 

In this context, U denotes the derived parameter, while u1, u2, …, un 
represent the measured parameters that influence it. The total uncer
tainty associated with U is indicated by ΔU, with individual un
certainties for the measured parameters labelled as Δu1, Δu2, …, Δun. 
This method incorporates measurement variability and systematic lim
itations into the final uncertainties of derived performance parameters. 
A summary of uncertainties for both measured and derived parameters 
is presented in Table 2, covering a flow rate range of 0.75 L/min to 2.5 
L/min. The uncertainties reported herein are regarded as standard un
certainties. Consequently, performance enhancements are evaluated 
based on consistent trends across the entire operating range, rather than 
isolated differences at specific points.

4. Results and discussion

The current research examines the thermo-hydraulic performance of 
the newly developed DINOS cold plate and conducts a comparative 
analysis with a conventional SF-CP, which serves as a baseline reference 
for performance evaluation. Experiments are performed utilizing two 
distinct TIMs: a grease-type TIM and a soft metal TIM. This assessment 
aims to evaluate their impact on surface temperature distribution, 
thermal resistances, and heat transfer characteristics. The coolant uti
lized in all experiments is PG25, supplied at an inlet temperature of 
45 ◦C, with the TDP of test section consistently maintained at 1000 W. 
The initial discussion focuses on the behaviors of heated surface tem
peratures, including center, average, and maximum temperatures for 
both cold plates and thermal interface materials across a range of inlet 
volumetric flow rates. Subsequently, thermal performance is assessed in 
terms of the temperature uniformity, thermal resistances, and average 
heat transfer coefficient. The hydraulic performance is also analyzed, 
encompassing pressure drop and pumping power. Ultimately, the 
overall cooling performance of the DINOS cold plate is benchmarked 
against existing literature to underscore its relative advantages in 
enhancing thermo-hydraulic performance. Tests are conducted for 
volumetric flow rates between 0.75 and 2.5 L/min, in increments of 
0.25 L/min, to capture trends in both thermal and hydraulic behaviors.

4.1. Thermal performance

This section provides a comparative assessment of the thermal per
formance between DINOS-CP and SF-CP. This comparison is illustrated 
by plotting the variations in measured surface temperatures, thermal 

resistances, mean absolute temperature deviations, and average heat 
transfer coefficients as functions of inlet volume flow rate. Additionally, 
this section examines the effect of different TIMs on the thermal per
formance of both cold plates.

In the design of a liquid cold plate, the primary goal is to lower the 
chip's temperature below its maximum operational threshold. In this 
study, the TTV is utilized to simulate a logic chip, and the temperatures 
of the heated surface of the TTV are measured at various flow rates for a 
TDP of 1000 W. Fig. 7 illustrates the variation in case/center tempera
ture (Tc), the maximum case temperature (Tc,max), and the average case 
temperature (Tc,avg) with the inlet volume flow rate (V̇) for both the 
DINOS-CP and SF-CP configurations, taking into account both grease 
TIM and soft metal TIM.

As depicted in Fig. 7, an increase in flow rate correlates with a 
decrease in surface temperatures across the four scenarios examined. 
This phenomenon is ascribed to the improvement of convective heat 
transfer. As a result, a notable decrease in the surface temperature of the 
heater has been observed. Specifically, when the flow rate is increased 
from 0.75 L/min to 2.5 L/min, the DINOS-CP utilizing a soft metal TIM 
achieves reductions of 17.5%, 15.9%, and 15.4% for Tc, Tc,max, and Tc, 

avg, respectively. Conversely, the SF-CP employing soft metal TIM 
demonstrates reductions of 13.8%, 14.3%, and 14.7% for the same pa
rameters. Note that the nominal thermal conductivity of soft metal is 
near 35 W/m⋅K, which is about 2 to 3 times higher than that of thermal 
grease. Hence, the TIM thermal resistance is appreciably reduced by 
imposing soft metal. The results indicate that the thermal resistance of 
TIM for liquid cooling cannot be overlooked. The data illustrated in 
Fig. 7 indicates that the SF-CP exhibits a lower Tc, while the DINOS-CP 
achieves a lower Tc,max. Additionally, the DINOS-CP exhibits a lower Tc, 

avg at flow rates exceeding 1 L/min. Overall, it can be concluded that the 
DINOS-CP design presents reduced heater temperatures when compared 
to the SF-CP. The temperature variation can primarily be attributed to 
the internal flow configuration present in both cold plates, which will be 
elaborated upon later in this section.

As presented in Fig. 7(a), the difference in Tc between the cold plates 
diminishes as the flow rate increases. At a flow rate of 0.75 L/min, the 
SF-CP with grease TIM demonstrates an 8% lower Tc compared to the 
DINOS-CP, whereas at 2.5 L/min, the Tc in the SF-CP decreases by 3.6% 
compared to the DINOS-CP. Similarly, for the case of soft metal TIM, at 
0.75 L/min, the SF-CP shows a 4% reduction in Tc compared to the 
DINOS-CP, whereas at 2.5 L/min, the DINOS-CP slightly reduces Tc by 
0.5% compared to the SF-CP. This indicates that at higher flow rates, the 
Tc within the DINOS-CP may be lower than that of the SF-CP. This 
observation holds true for the soft metal TIM case, as the DINOS-CP 
exhibits marginally lower Tc at flow rates exceeding 2 L/min. How
ever, regarding the maximum case temperature, the DINOS-CP consis
tently displays a lower Tc,max compared to the SF-CP, with the difference 
in Tc,max between the two cold plates increasing with volume flow rate. 
At V̇ = 0.75 L/min, the DINOS-CP with grease TIM achieves a Tc,max 
reduction of 1.1% compared to the SF-CP. At V̇ = 2.5 L/min, the Tc,max is 
3.6% lower in the DINOS-CP compared to the SF-CP. In a similar 
manner, for the soft metal TIM, at 0.75 L/min, the DINOS-CP achieves a 
Tc,max reduction of 1.3% compared to the SF-CP, while at 2.5 L/min, it 
lowers Tc,max by 2.1% in comparison to the SF-CP. The trend observed 
for the average case temperature varies from the patterns seen in the 
other two temperatures. For grease TIM, the SF-CP reveals a lower Tc,avg 
(with a maximum reduction of 2%) within the volume flow rate range of 
0.75–1.5 L/min, whereas beyond 1.5 L/min, the DINOS-CP exhibits a 
lower Tc,avg (with a maximum reduction of 0.9%) compared to the SF-CP. 
Similarly, in the case of soft metal TIM, the DINOS-CP demonstrates a 
lower Tc,avg beyond 1 L/min with a maximum reduction of 1.4%.

In the SF-CP design, the fluid enters via the main inlet, positioned 
above the central section of the skived fin plate, and impacts the skived 
fins before dividing into two streams that flow in opposite directions 
through the channels (as shown in Fig. S3 of Supplementary Informa
tion). The initial impact of the fluid on the central zone promotes 

Table 2 
Values of uncertainty associated with different measured and calculated 
parameters.

Parameters Uncertainty

Temperature ±0.3 ◦C
Volume flow rate ±1 mL/min to ±5 mL/min
Pressure drop ±0.04 kPa
Heat absorbed by fluid (W) ±2% to ±7%
Thermal resistance (◦C/W) ±2.2% to ±7.3%
Mean absolute temperature deviation (◦C) ±2% to ±3.5%
Apparent heat transfer coefficient (W/m2 ⋅◦C) ±2.3% to ±7.1%
Pumping power (W) ±0.2% to ±0.7%
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enhanced heat transfer due to a lower temperature gradient at that 
location, resulting in a reduced temperature there compared to other 
locations. In contrast, within the DINOS-CP, the fluid strikes the inlet 
chamber of manifold plate after entering through the main inlet, where 
it is distributed almost uniformly to all the inlet converging nozzles 
before entering the cavity zone and impacting the upper side of the lid 
plate, thereby facilitating heat removal by the fluid (see Fig. 1). Due to 
the uniform distribution of fluid across all inlet nozzles, the central zone 
on the lid plate receives a smaller fluid volume than that of the SF-CP, 
resulting in a higher center temperature compared to the SF-CP. This 
temperature observation is further supported by the temperature con
tours obtained from numerical simulations, as illustrated in Fig. S5 of 
Supplementary Information. The results indicate that the uniform flow 
distribution through the nozzles in the DINOS-CP correlates with a more 
even temperature distribution on the heated surface. However, in the SF- 
CP, initial fluid impact at the central zone leads to increased heat 
transfer in that area. As the fluid progresses downstream in the channel, 
the temperature gradient decreases, resulting in a reduction in the fluid's 
heat-carrying capacity. Thus, a hotspot region is observed near the 
downstream sections of the SF-CP, resulting in higher maximum tem
peratures in the SF-CP compared to the DINOS-CP.

The data presented in this figure indicate that the application of soft 
metal TIM results in significant reductions in temperature across both 
cold plates when compared to grease-type TIM. Specifically, the soft 
metal TIM achieves reductions in the critical temperatures, including Tc, 
Tc,max, and Tc,avg up to 6%, 6.5%, and 6.1%, respectively. This decrease in 
surface temperatures can be attributed to the higher thermal conductivity 
of the soft metal TIM, which effectively lowers the thermal resistance of 
the TIM layer situated between the heater surface and the bottom surface 
of the cold plate. Consequently, the use of TIM with enhanced thermal 
conductivity proves beneficial in reducing chip temperatures.

The numerically simulated temperature contours indicate that the 
uniformity of temperature on the heated surface is superior in the case of 
the DINOS-CP compared to the SF-CP (as shown in Fig. S5 of Supple
mentary Information). To validate this uniformity experimentally, the 
mean absolute temperature deviation (MATD) is assessed, considering 
all measured temperature values. A lower MATD value signifies 
improved uniformity in temperature distribution across the heater sur
face. Fig. 8 presents the variation of MATD with the volume flow rate for 
DINOS-CP and SF-CP, utilizing soft metal TIM and grease TIM. The 
figure demonstrates that the MATD decreases for both types of cold 
plates as the volume flow rate rises. This finding indicates that the 

Fig. 7. Variation of the heated surface temperatures: (a) center/case temper
ature (Tc), (b) maximum case temperature (Tc,max), and (c) average case tem
perature (Tc,avg) with volumetric flow rate (V̇) for DINOS and SF cold plates 
using two different TIMs.

Fig. 8. Variation of the mean absolute temperature deviation (MATD) with 
volumetric flow rate (V̇) for DINOS and SF cold plates using two different TIMs.
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uniformity of temperature distribution improves with higher flow rates. 
Additionally, it is observed that the DINOS-CP exhibits a notable 
reduction in MATD values compared to the SF-CP. Specifically, DINOS- 
CP utilizing grease TIM achieves a maximum MATD reduction of 35% 
relative to SF-CP, while it reduces MATD by a maximum of 25% when 
using soft metal TIM compared to SF-CP. This notable decrease in MATD 
indicates that the temperature spread across the heated surface of the 
DINOS-CP is more uniform compared to that of the SF-CP. This 
improved uniformity can be attributed to the presence of distributed 
inlet nozzles and outlet slots in the DINOS-CP design. The fluid distri
bution through each nozzle is nearly uniform, resulting in uniform dis
tribution of fluid striking the top surface of the lid plate in the cavity 
region and transporting a consistent heat removal via locally effective 
convective heat transfer. As a result, the temperature across the heated 
surface becomes more consistent.

The selection of TIM significantly influences temperature uniformity, 
which corresponds with the thermal characteristics of the two cold-plate 
architectures examined. While the soft-metal TIM demonstrates 
considerably higher thermal conductivity compared to the grease TIM, 
its relative enhancement in MATD is notably more significant for the SF- 
CP, reaching up to 22%, than for the DINOS-CP, which achieves an 
improvement of only 6.5%. This phenomenon can be attributed to the 
inherent non-uniform coolant flow distribution within the SF-CP, where 
downstream regions experience diminished coolant momentum, 
resulting in the formation of localized hot spots, as supported by tem
perature contour analyses derived from numerical simulations. The 
application of soft-metal TIM effectively alleviates these localized 
thermal gradients by minimizing interfacial thermal resistance, thereby 
substantially enhancing temperature uniformity within the SF-CP. 
Conversely, the DINOS-CP inherently delivers a highly uniform 
coolant distribution due to its optimized distributed inlet nozzles and 
outlet slot configuration; hence, the additional advantages of utilizing a 
higher-conductivity TIM are comparatively less significant. These find
ings underscore the dominant role that cold-plate geometry plays in 
determining temperature uniformity, while the choice of TIM serves a 
secondary yet complementary function.

The relationship between case-to-inlet thermal resistance and inlet 
volumetric flow rate for both cold plate configurations utilizing different 
TIMs is presented in Fig. 9. This study evaluates case-to-inlet thermal 
resistance, considering three critical surface temperatures: case/center 
temperature (Tc), maximum case temperature (Tc,max), and average case 
temperature (Tc,avg). Consequently, the case-to-inlet thermal resistance 
(Rc-in), maximum case-to-inlet thermal resistance (Rc-in,max), and average 
case-to-inlet thermal resistance (Rc-in,avg) are defined according to Eqs. 
(2–4). These equations demonstrate that each thermal resistance is 
directly proportional to the corresponding temperature. It is clear that 
the trend in thermal resistance subject to the influence of volume flow 
rate mirrors the variation trends of the surface temperatures.

As illustrated in Fig. 9, an increase in volumetric flow rate results in a 
decrease in all thermal resistances, correlating with an enhancement in 
the rate of heat transfer by the fluid. The data indicate that the SF-CP 
configuration exhibits a lower Rc-in, whereas the DINOS-CP configura
tion reflects a lower Rc-in,max. Furthermore, the DINOS-CP demonstrates 
a reduced Rc-in,avg for flow rates beyond 1 L/min, suggesting its effec
tiveness in minimizing both maximum and average case-to-inlet thermal 
resistance, which are critical factors in the context of industrial cold 
plates. Fig. 9(a) reveals that the disparity in Rc-in between the SF-CP and 
DINOS-CP diminishes as the flow rate increases. At a flow rate of 0.75 L/ 
min, the SF-CP with grease TIM achieves a 20.8% reduction in Rc-in 
compared to DINOS-CP, while at 2.5 L/min, the SF-CP still maintains a 
12% advantage. Conversely, with the soft metal TIM, the SF-CP lowers 
Rc-in by 10.5% at 0.75 L/min, whereas the DINOS-CP reduces Rc-in by 
2.3% at 2.5 L/min. A similar trend is also observed in the variation of Tc, 
as depicted in Fig. 7. The uniform flow distribution within the cold plate, 
along with uniform temperature distribution across heated surface, en
ables DINOS-CP to effectively lower the maximum heater surface 

Fig. 9. Variation of case-to-inlet thermal resistances: (a) thermal resistance (Rc- 

in), (b) maximum thermal resistance (Rc-in,max), and (c) average thermal resis
tance (Rc-in,avg) with volumetric flow rate (V̇) for DINOS and SF cold plates using 
two different TIMs.
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temperature, thereby achieving a reduction in Rc-in,max of up to 8% and 
6% relative to the SF-CP utilizing grease TIM and soft metal TIM, 
respectively. However, it is noteworthy that the trend for Rc-in,avg differs 
from that of Rc-in and Rc-in,max. With the grease TIM, the SF-CP exhibits a 
lower Rc-in,avg up to a flow rate of 1.75 L/min (with a maximum reduc
tion of 4.6%), whereas the DINOS-CP reduces Rc-in,avg beyond this point 
(with a maximum reduction of 2%). Similarly, for cases involving the 
soft metal TIM, the DINOS-CP achieves a reduction in Rc-in,avg beyond 1 
L/min, with a maximum reduction of 4.3%. The superior thermal con
ductivity of the soft metal TIM results in a lower interfacial thermal 
resistance, which enhances overall heat transfer and contributes to a 
reduction in total case-to-ambient thermal resistance. When compared 
to the grease TIM, the soft metal TIM can reduce Rc-in, Rc-in,max, and Rc-in, 

avg by up to 15%, 10%, and 11%, respectively. In summary, the DINOS- 
CP combined with soft metal TIM exhibits enhanced thermal 
performance.

To evaluate the thermal performance of the cold plate, the apparent 
heat transfer coefficient (happ) is assessed for both cold plate designs, 
with its variation concerning the flow rate depicted in Fig. 10 for two 
TIMs. As previously discussed, the presence of multiple distributed inlet 
nozzles and outlet slots in the DINOS-CP design facilitates the passage of 
fluid into the cavity region. This fluid effectively transports heat from 
the heated surface of the lid plate and exits through the adjacent slots. 
This flow configuration offers direct impingement with a thinner ther
mal boundary layer and a shorter flow length, which collectively 
enhance convective heat transfer within the DINOS-CP. Additionally, 
the incorporation of multiple cylindrical pin-fins within the cavity 
promotes improved flow circulation and conduction heat transfer, as 
these fins maintain direct contact with the lid plate. The synergistic ef
fect of enhanced convective heat transport by the fluid and improved 
solid conduction heat transfer leads to an overall enhancement in the 
heat transfer performance of the DINOS-CP. This improvement is 
evident in the plot of the average heat transfer coefficient. Specifically, 
compared to the SF-CP, the DINOS-CP utilizing a soft-metal TIM ach
ieves a maximum increase of 6% in happ. Furthermore, the figure reveals 
that the implementation of the soft metal TIM results in a maximum 
improvement of 15% in happ when compared to the grease TIM.

The evaluation of thermal performance indicates that the current 
DINOS-CP design demonstrates reduced heated surface temperatures, 
decreased thermal resistance, enhanced uniformity in temperature dis
tribution, and improved heat transfer coefficients in comparison to the 
SF-CP. Moreover, the use of the soft metal TIM significantly enhances 
thermal performance.

4.2. Hydraulic performance

The hydraulic performance of the cold plates is assessed by analyzing 
the variation in pressure drop (Δp) and pumping power (PP) across the 
evaluated flow rate range, as depicted in Fig. 11. This section presents a 
comparative examination of the pressure drop characteristics of the 
DINOS-CP and SF-CP for both TIMs, followed by an analysis of the 
corresponding pumping power requirements. This analysis aims to 
explain the relative hydraulic advantages of each cold plate design. The 
illustration clearly shows that the pressure drop in DINOS-CP and SF-CP 
increases with an increase in volume flow rate. This phenomenon occurs 
because a higher flow rate leads to greater frictional losses within the 
flow passages of the cold plate. As the coolant velocity increases, shear 
stress at the walls escalates, thereby resulting in a significant overall 
pressure loss across the cold plate. The figure further indicates that the 
current DINOS-CP design significantly reduces the pressure drop 
compared to the SF-CP, achieving a maximum reduction of approxi
mately 34%. This enhancement can be primarily attributed to the flow- 
distribution architecture of the DINOS-CP, which utilizes multiple 
distributed inlet nozzles and wider outlet slots to facilitate a more uni
form flow distribution and mitigate localized flow acceleration. Conse
quently, this design results in minimized frictional losses and avoids the 
high-velocity regions typically associated with the densely packed, 
narrow microchannels of the SF-CP. In contrast, the skived fin structure 
in the SF-CP results in tighter flow passages and increased shear stress 
along the fin surfaces, leading to a substantially greater pressure drop. A 
similar trend is observed in the variation of pumping power. According 
to Eq. (7), the pumping power is directly proportional to the pressure 
drop at a given flow rate; therefore, it exhibits a similar variation trend 
to that of the pressure drop. Due to the DINOS-CP's capacity to signifi
cantly reduce pressure drop, it concurrently necessitates reduced 
pumping power compared to the SF-CP, with a maximum reduction of 
approximately 34%. From this hydraulic performance assessment, it can 
be concluded that the DINOS-CP achieves the requisite cooling perfor
mance while imposing considerably lower flow impedance. However, 
the impact of the TIM type on hydraulic resistance is minimal. Given 
that the flow path and hydraulic behavior are predominantly dictated by 
the internal geometry of the cold plate, the choice of TIM at the solid
–solid interface exerts a negligible influence on the coolant flow char
acteristics. Consequently, both the pressure drop and pumping power 
remain largely unaffected by the selection of TIM.

4.3. Overall cooling performance and benchmarking

To comprehensively assess the effectiveness or advantages of the 
proposed cooling solution, the overall cooling performance of DINOS-CP 
is compared with that of the reference SF-CP and benchmarked against 
relevant findings in the existing literature. This section integrates ther
mal and hydraulic performance analyses to present a comprehensive 
view of the trade-off between heat removal capability and flow resis
tance. To explain this trade-off, Fig. 12 illustrates the relationship be
tween Rc-in,max and Rc-in,avg with respect to pumping power for both cold 
plates. The data clearly indicate that the DINOS-CP exhibits lower 
thermal resistance and requires less pumping power compared to the SF- 
CP. To achieve a specific Rc-in,max of 0.032 ◦C/W, the DINOS-CP requires 
60% less pumping power than the SF-CP. Likewise, to attain an Rc-in,avg 
of 0.027 ◦C/W, DINOS-CP needs only 57% less pumping power than its 
counterpart. These findings distinctly highlight the superior cooling 
efficiency of the DINOS-CP, which provides comparable thermal per
formance while significantly reducing hydraulic energy costs.

To thoroughly assess the efficacy of the DINOS-CP, its overall 
thermo-hydraulic performance is benchmarked against existing cold 
plates documented in the literature. The comparison involves four 
recent studies [46,47,49,50] that examine liquid cooling modules based 
on the concept of distributed inlet and outlet nozzles.

The specifications of the cold plates considered from these studies 
Fig. 10. Variation of the apparent heat transfer coefficient (happ) with volu
metric flow rate (V̇) for DINOS and SF cold plates using two different TIMs.
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are presented in Table 3. It should be noted that the selected cold plates 
differ in footprint or heated surface area. Consequently, the comparison 
is conducted using normalized metrics to enable fair benchmarking. The 
normalized average case-to-inlet thermal resistance (R*

c− in,avg) is calcu
lated as R*

c− in,avg = Rc− in,avg × Aheated, where Aheated is the heated surface 
area. Similarly, the normalized pumping power (PP*) is determined PP* 

= PP / Aheated for all examined cold plates [45]. These normalized 
quantities enable direct comparison of intrinsic cooling and hydraulic 
performance across cold plates of different sizes. The comparative 
analysis of normalized thermal resistance and normalized pumping 
power is presented in Fig. 13 for all the considered cold plates. This 
figure illustrates that the DINOS-CP outperforms the designs presented 
by Wei et al. [46], Moloudi et al. [47], and Patel et al. [50] by reducing 
thermal resistance at a lower pumping power. However, the cold plate of 
Sahu et al. [49] shows reduced thermal resistance compared to the 
DINOS-CP, but it requires more pumping power. It is noteworthy that 
PG25 serves as the coolant in the DINOS cold plate, while water is 

Fig. 11. Variation of (a) pressure drop (Δp), and (b) pumping power (PP) with volumetric flow rate (V̇) for DINOS and SF cold plates using two different TIMs. Error 
bars are magnified by a factor of 25 to enhance visibility.

Fig. 12. Variation of (a) maximum thermal resistance (Rc-in,max), and (b) average thermal resistance (Rc-in,avg) with pumping power (PP) for DINOS and SF cold plates 
using two different TIMs.

Table 3 
Overview of the input specifications for cold plates based on literature that are 
utilized for benchmarking purposes.

References Input Parameters

Wei et al. [46] footprint: 23 × 23 mm2, TDP: 529 W, coolant: water, inlet 
temperature: 10 ◦C, flow rate range: 1.12 to 4.46 L/min, cooling 
module material: polymer

Moloudi et al. 
[47]

footprint: 20 × 20 mm2, TDP: 300 W, coolant: water, inlet 
temperature: 20 ◦C, flow rate range: 0.5 to 6 L/min, cooling 
module material: aluminum

Sahu et al. [49] footprint: 10 × 10 mm2, TDP: 420 W, coolant: water, inlet 
temperature: not mentioned, flow rate range: 0.5 to 2.5 L/min, 
cooling module material: ABS-like translucent clear resin

Patel et al. [50] footprint: 26 × 26 mm2, TDP: 1000 W, coolant: water, inlet 
temperature: 20 ◦C, flow rate range: 1.5 to 4 L/min, cooling 
module material: ceramic-like high temperature resin

Present work 
DINOS-CP

footprint: 30 × 30 mm2, TDP: 1000 W, coolant: PG25, inlet 
temperature: 45 ◦C, flow rate range: 0.75 to 2.5 L/min, cooling 
module material: copper
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utilized as the coolant in the other examined cold plates from the 
literature. These benchmarking results distinctly demonstrate the sig
nificant potential of the DINOS cold plate for high-power-density elec
tronic chip cooling applications.

From a material reliability standpoint, the copper fabricated by 
ECAM utilized in this study exhibits a purity level exceeding 99.95%, 
which is comparable to oxygen-free copper grades, such as C10200, that 
are conventionally employed in skived-fin cold plates. Consequently, the 
anticipated long-term behavior of this material is expected to align 
closely with that of traditional copper cold plate components utilized in 
data center cooling systems. During the assembly of cold plates, brazing 
cycles that typically exceed 800 ◦C may lead to the development of 
coarse-grained microstructures in the copper, a phenomenon also noted 
in the production of conventionally manufactured cold plates. In oper
ational environments, potential long-term degradation mechanisms may 
encompass corrosion or erosion resulting from continuous coolant flow; 
however, it is important to note that data center cooling loops generally 
include corrosion inhibitors to alleviate such risks. Further research 
under conditions that accurately represent flow rates and temperatures 
will be essential to comprehensively assess the long-term reliability of 
the material.

5. Conclusions

This work presents an experimental investigation of the thermo- 
hydraulic performance of the distributed inlet nozzles and outlet slots 
cold plate (DINOS-CP), which is fabricated using ECAM-based 3D 
printing. Test results for DINOS-CP are compared with those of a 
traditional skived-fin cold plate (SF-CP), and two types of TIMs (grease 
and soft metal) are used for further comparison. The experiments are 
conducted at a heat input of 1000 W using PG25 coolant with an inlet 
temperature of 45 ◦C, across flow rates of 0.75–2.5 L/min. The results of 
this research reveal numerous notable advantages of DINOS-CP over the 
SF-CP. The key findings of this study are as follows: 

• DINOS-CP demonstrated improved thermal performance, with 
maximum and average thermal resistances reduced by 8% and 4.3%, 
respectively, and temperature uniformity improved by 35% 
compared to the SF-CP. The apparent heat transfer coefficient 
increased by 6%. The enhanced thermal performance is due to 

distributed inlet nozzles and outlet slots, which promote uniform 
coolant distribution and enhanced convective heat transfer.

• The evaluation of hydraulic performance indicates that the DINOS- 
CP is capable of achieving a maximum reduction in pressure drop 
of 34% when compared to the SF-CP.

• Overall cooling efficiency shows that the DINOS-CP required 60% 
less pumping power, compared to the SF-CP, to reach a Rc-in,max of 
0.032 ◦C/W.

• Benchmarking shows the DINOS-CP outperforms several existing 
cooling module designs in normalized thermal resistance and 
pumping power. This balance of enhanced heat removal and mini
mized hydraulic penalty makes it a promising solution for high- 
power electronic cooling applications.

• Use of soft metal TIM led to reductions in critical heater temperatures 
by up to 6.5% and thermal resistances by up to 11%, with up to 15% 
improvement in average heat transfer coefficient. The choice of TIM 
had minimal impact on hydraulic performance.

The DINOS-CP design, integrating the distributed inlet-outlet 
concept into a manufacturable cold plate, offers a practical and 
energy-efficient solution for high-power single-chip cooling. It is well- 
suited for GPUs, CPUs, and AI computing platforms, supporting low 
power usage effectiveness (PUE) and sustainable operation. Future work 
will focus on extending the DINOS-CP toward system-level deployment, 
including expanding to multi-heat-source architectures (e.g., ASICs), 
incorporating two-phase flow boiling for ultra-high heat-flux applica
tions, and reliability-qualifying the electrochemically printed structure 
under long-term thermal cycling and operational loading conditions. 
These efforts will further advance the DINOS-CP toward next- 
generation, data-center-ready cooling solutions for high-power-density 
electronics.
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