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a b s t r a c t 

Jet impingement cooling with distributed outlet configuration is regarded as an efficient cooling solu- 

tion for high performance systems. This work develops the Nusselt number Nu f - R e d and pressure drop 

k -factor correlations for microscale multi-jet impingement cooling with alternating feeding and draining 

jets. An extensive design of experiments (DOE) of unit cell modeling-based simulations is used for the 

correlation fitting. In order to understand the flow and thermal behavior, the impact of single variables 

including the inlet diameter, outlet diameter, jet-to-target distance and nozzle length is studied system- 

atically. On the other hand, this work firstly shows the predictive model with k - R e d , including the impact 

of nozzle length t/L, cavity height H/L and inlet diameter ratio d i /L. Finally, the extracted correlations 

are experimentally validated, both with experimental data of different jet impingement demonstrators, 

as well as with the literature experimental data. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Jet impingement cooling on the chip backside is very promis- 

ng due to the high heat transfer rates and the absence of thermal 

nterface material. The most commonly considered impingement 

et cooling implementation in literature is based on the common 

utlet configuration, shown in Fig. 1 . In this configuration, the jet 

ow is injected through nozzle arrays and extracted through the 

utlets on the edges of the cooler. However, the disadvantage of 

et impingement cooling with a common return is that the heat 

ransfer can be highly influenced by the “cross-flow effects” where 

he return flows interact with the jets flow [1–3] . The cooling per- 

ormance of jet cooling can be significantly affected by a large 

umber of jets, especially for large die area applications. Kercher 

nd Tabakoff [4] and Florschuetz et al. [5] experimentally exam- 

ned the detrimental effect of the crossflow on the heat trans- 

er coefficient. Maddox et al. [2] investigated methods to manage 

he spent flow, such as angled confining walls and anti-crossflows 

ACF) cooling structures or corrugated jet planes. Hollworth and 

agan [6] found that the convective coefficients can be improved 

ith 20–30% by arranging the outlet nozzles through the impinge- 
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ent surface. However, this is not applicable for cooling on the 

lectronic devices. The second configuration, jet Impingement cool- 

ng with alternating feeding and draining jets shown in Fig. 1 (b) 

s a more appealing variant for electronic cooling [ 7 , 8 ], where the

pent fluid can be efficiently extracted through the outlet nozzles 

hat are distributed in between the inlet nozzles [ 1–3 , 7 ]. In the

ext sections, a literature overview is provided for both nozzle 

onfigurations. 

.1. Configuration A: common outlets 

Empirical correlations for heat transfer and pressure coefficient 

re very important to understand the functional relations regarding 

ifferent geometry parameters. Extensive literature studies about 

ingle impingement jet cooling correlations covering different noz- 

le geometries for both submerged and free-surface jet configura- 

ions are published in the last decades [9–12] . Garimella and Rice 

13] developed Nu d correlation for a single confined circular sub- 

erged jet. Womac et al. [14] developed correlations for a single 

ircular free-surface jet. The correlations with a single round noz- 

le, orifice, or pipe are developed by Martin [15] . 

Compared to single jet impingement, arrays of multiple jets can 

chieve a higher heat transfer rate and more uniform temperature 

istribution [16] . Weigand and Spring [17] summarized and com- 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.121865
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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Fig. 1. Impingement jet cooling configurations: (a) configuration A: common out- 

lets and (b) configuration B distributed outlets configurations. 
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Nomenclature 

A chip area mm 

2 

Bi Biot number 

d i inlet diameter μm 

d o outlet diameter μm 

f friction loss coefficient 

H standoff between the jet exit and the chip μm 

K pressure coefficient 

k si thermal conductivity of silicon W/mK 

k fl thermal conductivity of the fluid W/mK 

L unit cell length μm 

Nu f Nusselt number based on average interface temper- 

ature of the chip 

Nu j Nusselt number based on average junction temper- 

ature 

Pr Prandtl number 

R th thermal resistance K/W 

R th 
∗ normalized thermal resistance K.cm 

2 /W 

R e d Reynolds number 

S d chip size (length = width) μm 

T̄ chip average temperature of the heat source °C 

T in coolant inlet temperature ° C 

T amb ambient temperature ° C 

T s average cooling surface temperature ° C 

t nozzle thickness μm 

t c chip thickness μm 

V̄ in inlet velocity m/s 

�P pressure difference between the inlet and outlet of 

the cooler Pa 

�T avg chip temperature increases ° C 

α dimensionless inlet nozzle diameter d i /L 

β dimensionless outlet nozzle diameter d o /L 

γ dimensionless nozzle length t/L 

ϕ dimensionless cavity height H/L 

Subscripts 

avg average 

ch channel 

i/in inlet 

o/out outlet 

hs hotpots of the heater 

n nozzle 

p pumping 

tot total 

th thermal 

ared the existing empirical correlations of multiple impinging air 

ets for average and locally resolved heat transfer coefficients, re- 

pectively. Narumanchi et al. [18] reported that there is a good 

atch between CFD results and experimental data from Womac 

t al. [14] over a wide range of Reynolds numbers for confined 

nd unconfined submerged jets. Whelan and Robinson [19] re- 

orted that the confined submerged nozzles with contoured inlet 

r inlet/outlet are the suggested nozzle configurations. Florschuetz 

t al. [5] developed the correlations for the inline and staggered 

ozzle patterns, and concluded that the staggered patterns re- 

ulted in smaller heat transfer coefficients than their inline coun- 

erparts. Besides, Royne and Dey [20] also investigated the effect 

f nozzle geometry on the heat transfer and pressure drop to 

onfined-submerged jet arrays over a Reynolds number range of 

0 0 0 ≤ R e D ≤ 7700. It is reported that the sharp-edged and con- 

oured nozzles can enhance the cooling performance in compari- 

on to the conventional straight nozzle arrays for a given pumping 

ower. 
2 
Azar [21] and Molana and Banooni [22] both present various av- 

rage heat transfer coefficient for single-phase liquid correlations. 

artin [23] developed correlations for multiple circular submerged 

ets. Patil and Narayanan [24] proposed a criterion value S NN /d for 

egligible cross flow, and made a correction of Martin’s correla- 

ion. The Womac et al. [25] correlation divided the entire heat 

ransfer area into two separate regions: the ‘‘impingement zone’’ 

nd the “wall-jet region” outside of the impingement zone. Ex- 

eriments conducted for the confined-submerged liquid jet arrays 

ound that the heat transfer coefficient was somewhat insensitive 

o jet to-target spacing within the range of 2 ≤ H/D ≤ 4 due to 

he target surface being within the potential core of the issuing 

ets. Robinson and Schnitzler [26] conducted experiments investi- 

ating the impingement of water jet arrays under both free-surface 

nd submerged conditions. For the submerged jets, it was found 

hat heat transfer was insensitive to jet-to-target spacing changes 

n the range of 2 ≤ H/D ≤ 3. A monotonic decrease in heat trans- 

er was observed with increasing jet-to-target spacing in the range 

f 5 ≤ H/D ≤ 20. It was also found that a stronger dependence on 

et-to-jet spacing was encountered for smaller jet-to-target spac- 

ng. The effect of jet-to-jet spacing for jet arrays was more closely 

xamined by Pan and Webb [27] . For the central jet module, the 

tagnation point heat transfer coefficient was found to be indepen- 

ent of jet-to-jet spacing. Conversely, a dependence on the jet-to- 

arget spacing was discovered. The more recent work of Fabbri and 

hir [28] involved both heat transfer to the jet arrays and the as- 

ociated pressure drop across the jet nozzle plate. 

The Reynolds correlations for stagnation Nusselt number and 

verage Nusselt number are summarized in Table 1 , together with 

he methodology and the range for the R e d and H/D. In gen- 

ral, there is an abundance of Nu f - R e d correlations for impinging 

ets cooling in the literature, and they generally show Nu ∼a ·Re d 
b , 

here the exponent b is typically in the range of 0.5–0.8. How- 

ver, most of the correlations derived from the analytical predic- 

ions were based on the simplified assumption that each impinging 

et formed an individual cell or module. The local and average heat 

ransfer rates were determined for repeating modules surrounding 

ach jet in the array. These correlations are valid when the jet-to- 

arget distance and jet-to-jet spacing were larger, and the jet-to-jet 

nteractions are negligible. Since the jets were well-drained, there 

as negligible crossflow between neighboring jets, and each jet es- 

ablished a cell that behaved thermally as a single isolated imping- 

ng jet. 
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Table 1 

State of the art Nusselt-Reynolds correlation for common outlets. 

Source Description Provides Methodology Conditions 

Reynolds 

exponent 

Reynolds number, cavity 

height range 

Martin [23] Submerged, multiple, 

circular 

Nu d Analytical Tref = Tin 0.67 2000 < Re < 100,000; 2 ≤H/D ≤12 

Martin [23] Single, circular, submerged Nu d Analytical Tref = Tin 0.775 2000 < Re < 40,000; 2 ≤H/D ≤12 

Womac (1994) Multiple jets, submerged, 

circular 

Nu d+L Analytical Tref = Tin 0.5/0.8 5000 < Re < 200,000; 2 ≤ S /D ≤4 

Womac (1994) Single, submerged, circular Nu d+L Analytical Tref = Tin 0.5/0.8 Re < 5000; 2 ≤ S /D ≤4 

Elison and Webb [39] Submerged, single jet, 

circular 

Nu 0 Experiment Tref = Tin 0.8 300 < Re < 7000; H/D < 8 

Garimella and Rice [13] single, confined/submerged, 

circular 

Nu 0 Experiment Tref = Tin 0.585 4000 < Re < 23000; 1 ≤ S /D ≤5 

Lee and Vafai (1999) Submerged, Multiple, 

circular 

Nu d Analytical Tref = Tin 0.667 2000 < Re < 100000; 2 ≤H/D ≤12 

Li and Garimella [40] Single jet, circular, 

confined/submerged 

Nu 1 . 9d+d /Nu 0 Experiment Tref = Tin 0.5555/ 

0.515 

4000 < Re < 23000; 1 ≤H/D ≤5 

Robinson and Schnitzlaer 

[41] 

Submerged, jet array, 

circular 

Q pump / Nu d / 2 Experiment Tref = Tin 0.46 100 < Re < 10000; 

2 ≤H/D ≤ 20 ; 3 ≤ P / D ≤ 7 

Meola [42] Air/water, confined, 

circular, jet arrays 

Nu d Analytical Tref = Tin 0.68 200 < Re < 100,000; 

1.6 < H/D < 20 

Tie et al. [43] Submerged, jet arrays Nu d Experiment Tref = (Tin + Tout)/2 0.51 1398.113 ≤R e ≤13440.4; 

4.963 ≤Pr ≤ 9.311 

Yonehara and Ito [44] Free surface, liquid, 

multiple jets 

Nu d Analytical uniform temp 0.67 Re < 48000 

P/D > 13.8 

Jiji and Dagan [45] Free surface, liquid, single 

phase, multiple jets 

Nu L Experiment uniform heat flux 0.5 0.5 mm and 1.0 mm 

3 mm < z < 10 mm 

L = heater length 

Fabbri and Dhir [28] Free surface, liquid, single 

phase, multiple jets 

Nu d / �p Experimental water and FC40 0.78 73 < Re < 3813 

65 μm < dn < 250 μm 

Vader et al. [46] Liquid, planar, confined, Nu 0 Numerical water 0.5 20000 < Re < 90000, 2.7 < Pr < 4.5 

Liu et al. [47] Liquid jet, free surface, 

single phase 

Nu 0 Analytical and 

experimental 

water 0.5 0 ≤r/d < 0.787 

0.15 ≤Pr ≤3 

Michna et al. [48] Submerged/confined/ 

microjet arrays/ single 

phase 

Nu d Experiment Tref = Tin 0.55 50 < Red < 3500; D = 54 and 

112 μm 

Muszynski and 

Andrzejczyk [49] 

Confined, multiple Nu d Experiment LMTD 0.65 500 < Re < 2500 
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.2. Configuration B: distributed outlets 

The description of correlations for configurations with local ex- 

raction of the spent fluid to a plenum is very limited in litera- 

ure. The concept of a jet impingement array cooling with local 

ffusion nozzles was first proposed by Huber and Viskanta [29] . 

hey developed Nu f correlations based on the experimental data 

or a confined 3 × 3 array with a center jet and spent air exit 

orts. The validated ranges of the parameters for the correlation 

re: 3400 < R e D < 20500, 4 < X n /D < 8 and 0.25 < H/D < 6.0.

he obtained experimental data can be applied to Martin’s cor- 

elation [23] since both of them are based on the spent air 

xits and without considering the crossflow effect. Rhee et al. 

30] employed a naphthalene sublimation method to determine lo- 

al heat/mass transfer coefficients on the target plate. They found 

hat the heat/mass transfer for the smaller nozzle to target dis- 

ance is improved significantly and the augmented values are 60% 

nd 20% higher for H/D = 0.5 and 1.0, respectively than those with- 

ut the effusion holes. However, the performance with the cooling 

erformance with the effusion holes is similar to those without the 

ffusion holes for large gap distances. 

Onstad et al. [ 3 , 31 ] showed that a geometry which incorporates

ocal extraction with a large exhaust area ratio, A e /A jet , is preferred 

o maintain a high average heat transfer coefficient. Three differ- 

nt impingement arrays were studied, all of which had a jet-to- 

et spacing of Z n /D = 2.34, jet-to-target spacing of H/D = 1.18, 

nd extraction holes in the jet plane. Brunschwiler [7] demon- 

trated and experimentally characterized the microscale liquid jet 

mpingement array cooling will locally distributed outlets, where 

he number of inlet nozzles is up to 47,0 0 0. A simple heat trans-
3 
er correlation was developed based on the experimental data with 

 ± 9% confidence level. The experimental data were measured at 

/D = 1.2, which is in the stable impingement regime. Further- 

ore, the Reynolds number Re is below 800, which means the 

onsidered flow is laminar. Hoberg et al. [32] evaluated a new 

ozzle array configuration with six small extraction ports centered 

round each injection nozzle. A Nu-Re correlation was proposed 

or laminar-to-turbulent flow, where the Reynolds number is in the 

ange of 50 0–10,0 0 0. However, this correlation was only extracted 

t H/D = 1. Rattner [33] developed new correlations for Nusselt 

umber and pressure-drop k-factors based on 10 0 0 randomized 

ases. The pressure-drop k -factor is calculated based on the inlet 

nd outlet boundary pressure difference, correcting for frictional 

osses in the injection and return channels. The new correlations 

or pressure drop ( k -factor) and heat transfer performance (Nus- 

elt number, Nu f ) are valid over a wide range of Reynolds number 

 R e j = 20–500), fluid transport properties (Pr = 1–100), and com- 

onent geometries ( p/ D j = 1.8–7.1 and th/ D j = 0.1–4.0). 

The objective of this study is to predict the thermal and hy- 

raulic performance of multiple jet impingement cooling with lo- 

ally distributed outlets. For that the dimensionless correlations 

ill be derived and validated in this paper. Firstly, the modeling 

tudies based on unit cell model will be introduced in Section 2 . 

fter that, the design of experiment (DOE) and fitting of the cor- 

elations based on the dimensionless parameters are investigated 

ystematically in Section 3 . The individual parameters impact is 

hown in Section 3.2 and the combined parameters effects are 

resented in Section 3.3 . The correlations for the Nusselt num- 

er and pressure coefficient factor, as a function of the Reynolds 

umber and all relevant geometrical parameters are developed. 
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Fig. 2. CFD model of the unit cell model extracted from the full cooler model: (a) 

top view of the nozzle arrays; (b) unit cell model with single inlet and four outlets; 

(c) 1/8 unit cell model. 
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ection 4 shows the experimental validations of the fitted correla- 

ions with the inhouse experimental results and also the literature 

easurement data. 

. Numerical approach 

.1. Geometric configuration of unit cell model 

The schematic of the jet impingement cooling with distributed 

utlets model is shown in Fig. 2 , for an 8 × 8 mm 

2 chip. The liquid

oolant for this study is DI water. The impingement cooler geome- 

ry contains N × N array of inlet nozzles and distributed outlets in 

etween the inlets. After striking on the chip surface, the fluid re- 

urns to the outlet plenum through the effusion nozzles. The inlet 

ozzles and outlet nozzles are both distributed on the nozzle plate, 

here one inlet is surrounded by four outlets. The top view of the 

ozzle plate with nozzle arrays presents quasiperiodic behavior. As 

hown in Fig. 2 , the impingement jet cooler with an N × N jet ar-

ay, there are five design parameters needed to be considered for 

he cooler geometry design: d i , d o , H, t , t c , L, where d i is the inlet

iameter, d o is the outlet diameter, t c represents the chip thick- 

ess, H is the standoff between the jet exit and the heater, t is the 

ozzle thickness, and L is the unit cell length, which is defined as 

elow: 

 = 

A 

N × N 

(1) 

here A is the chip area. L also represents the pitch between the 

wo neighboring inlet jets. Also, the flow and thermal parameters 

s the input conditions are listed as: V̄ in and T in , where T in is the 

nlet temperature, and V̄ in is the inlet velocity. 

In order to simplify the N × N nozzle arrays, unit cell with only 

ne inlet surrounded by four ¼ outlet with symmetry boundary 

onditions can be used. For the further reduction of the compu- 

ation cost, 1/8 model simplified from the unit cell model is in- 

roduced, which can highly reduce the computation cost [36] . The 

ozzle number N is actually determined by the inlet nozzle pitch L , 

s shown in Fig. 2 b for a constant chip size S d assumption. There-

ore, as we scale the nozzle pitch L , then the nozzle number N will

lso change correspondingly as N = S d /L. The impact of the nozzle 

umber is therefore modeled by changing the size of the unit cell 

odel, while maintaining a constant heat flux boundary condition. 

.2. Unit cell model method 

The conjugate heat transfer models consider conduction and 

onvection in the liquid domain of the model and conduction in 

he solid domain. In this paper, conjugate heat transfer and fluid 

ynamics simulations (CHT CFD) have been performed to assess 

he thermal and fluidic behavior of an impingement cooler with 

 × N nozzles array based on ANSYS FLUENT 18.0 [10] . This solid 

omain represents the silicon die only. The rest of the solid can 
4 
e neglected due to the high cooling transfer rate of the jet cool- 

ng. Our previous study shows that the thermal conductivity of 

he cooler materials has negligible effects on the cooler thermal 

nd hydraulic performance [8] . A transition shear stress transport 

SST) model is used for the CFD simulations, since this type of tur- 

ulence model offers a good compromise between accuracy and 

omputational time for jet impingement modeling and allows to 

over the large range of Re numbers from laminar flow, over tran- 

itional flow to turbulent flow that is encountered in practical 

ooling design. Moreover, the benchmarked studies shows that SST 

odel can predict the local or average Nu, and also local level 

ressure coefficient f with less than 5% difference in the range of 

0 < Red < 40 0 0, compared with the reference Large eddy simu- 

ation (LES) model [34] . The reported laminar to turbulence transi- 

ion range for liquid jet impingement is between 10 0 0 and 30 0 0

12] . Based on this range of considered Re numbers from lami- 

ar to low Re turbulent flow, a RANS based transition SST model 

as been chosen [34] , using the “Semi Implicit Method for Pressure 

inked Equations (SIMPLE)” [17] algorithm as the solution method 

nd the Quadratic Upstream Interpolation for Convective Kinemat- 

cs (QUICK) scheme [ 17 , 18 ] for the numerical discretization. The 

ower dissipation in the chip is represented as a heat flux bound- 

ry condition on the Si. The flow conditions are applied as a veloc- 

ty condition at the inlet and a pressure outlet boundary condition 

or the outlet. For the model material properties, the density, vis- 

osity and other material properties of the fluid/solid are assumed 

o be constant during the simulation. All cavities are assumed to 

e completely filled with the liquid coolant, without any the pres- 

nce of air (submerged jets). 

For the meshing of the CFD models, hybrid meshing is chosen. 

he fluid domain mesh is chosen as tetrahedron mesh cells. Prism 

lement cells are used for the meshing of the boundary layers with 

inimal meshing size of 0.002 mm. The latter is calculated from 

he y + < 1 constraint for the turbulence model near boundaries 

5] . The number of boundary layer grid cells in the normal direc- 

ion to solid walls is set to 15. For the solid domain mesh prism 

ells are used with a 20 μm mesh size. The grid convergence in- 

ex (GCI) is used for the meshing sensitivity analysis. The GCI 12 

nd asymptotic range of convergence are evaluated for the unit cell 

odel. The grid sensitivity analysis using the Richardson extrapo- 

ation [5] predicts a discretization error for the stagnation temper- 

ture of 0.2%. The details of the mesh for the unit cell model can 

e found in our previous study [34] . 

For the boundary conditions of the unit cell modeling, a Dirich- 

et boundary condition is used which means the velocity of the 

iquid at all fluid–solid boundaries are equal to zero (no slip con- 

ition). The boundary condition for the cooler inlet is set as a con- 

tant uniform inlet velocity while the static pressure for the outlet 

s set to 0 Pa, as a reference pressure. This means all pressure data 

btained are specified relatively to the outlet pressure. As for the 

hermal boundary conditions, the coolant inlet temperature is set 

s a constant temperature. Moreover, constant heat flux is applied 

n the chip bottom to represent the power generation in the heat- 

ng elements of the test chip. In addition, the bottom package of 

he chip is regarded as thermal insulation. The fluid and solid in- 

erface is set as a flow-thermal coupled boundary condition. The 

onvergence criteria for the unit cell modeling is set at 10–5 for 

ontinuity, 10–6 for energy and 10–6 for k , w and momentum ( x, 

 and z velocities), respectively. 

Fig. 3 (b) shows an example of the unit cell modeling results of 

 × 4 inlet jet arrays with chip surface temperature distributions 

or different nozzle diameters. The temperature distribution in the 

i and the pressure drop between inlet and outlet will be used in 

he next sections. Uniform velocity profile is applied on the in- 

et boundary, and pressure out boundary condition is applied on 

he outlet surface. The applied heat flux is 37.5 W/cm 

2 . The inlet 
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Fig. 3. Temperature distribution for different inlet diameter d i /L: (a) d i /L = 0.05; (b) d i /L = 0.1; (c) d i /L = 0.2; (d) d i /L = 0.25. ( d O /L = 0.3, t/L = 0.1, and H/L = 0.3, 

R e d = 1024) 
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emperature is kept as 10 °C. The temperature distributions across 

he chip surface and symmetric faces can be visualized. It can be 

een that the temperature reduces as the inlet diameter becomes 

arger. For small d i /L, the stagnation region and wall jet region are 

ery limited, resulting in a higher temperature at the outlet re- 

ion. Moreover, the heat spreading through the silicon die domi- 

ates as the inlet diameter is very small. As the inlet diameter be- 

omes larger, the jet cooling stagnation region becomes larger and 

he temperature drops. The impact will be studied in details in the 

ext sections. 

. Correlations development 

.1. Dimensionless analysis definition 

The previous parametric analysis shows that there are a lot of 

arameters included in the cooler geometry [35] . When the nozzle 

umber N is scaling, the other parameters are changed too. There- 

ore, it is necessary to normalize the parameters to simplify the 

esign. The dimensionless analysis is known as a very powerful 

ool to understand the physics in the area of heat transfer and fluid 

echanics. It specifies that the normalized physical behavior of the 

mpingement cooler is determined by the normalized proportions 

f the geometrical design parameters (the dimensionless parame- 

ers), and also the normalized flow conditions. This phenomenon 

an be exploited to generalize the obtained modeling results and 

o understand the fundamental behavior of the multi-jet impinge- 

ent cooler. 

Taking advantage of the Buckingham π theorem, the above- 

entioned geometrical parameters and input/output parameters in 

ection 2.1 are transferred to the dimensionless form. As a dimen- 

ionless number of the heat transfer using d i as the characteristic 

ength scale, the Nusselt number in the unit cell is defined as be- 

ow, with two definitions: 

1) Nusselt number based on average interface temperature of the 

chip: 

Nu f = 

h f d i 

k fl
= 

˙ Q 

A · �T 
· d i 

k fl
= 

q · d i (
T s − T in 

)
· k fl

(2) 

2) Nusselt number based on average junction temperature: 

Nu j = 

˙ Q 

A · �T 
· d i 

k 
= 

q · d i ( ) (3) 

fl T chip − T in · k fl a

5 
his term Nu j is actually used to correlate with the experiments. 

his quantity includes the impact of the conduction in the Si. 

The Reynolds number and the Prandtl number are defined as 

ollowing: 

eyn olds numb er : Re d = 

ρd i V in 

μ
(4) 

 randtl number : P r = 

μCp 

k f l 

(5) 

here k f l is the thermal conductivity of the fluid, μ is the dynamic 

iscosity, and Cp is the specific heat. In addition, the T s shown 

n Nu f is the fluid and solid interface temperature, while T̄ chip is 

ased on the junction temperature. Since the focus of this study 

s the geometrical aspect, the fluid properties are kept constant in 

his study. Therefore, the Prandtl number used in this work is fixed 

s 7.56, a representative value for DI water. 

In order to generalize the parametric trend, we need to extract 

he relation between the geometrical flow parameters and normal- 

zed heat transfer in the following form: 

u f = f 

(
Re d , 

d i 
L 

, 
d o 

L 
, 

H 

L 
, 

t 

L 

)

u J = f 

(
Re d , 

d i 
L 

, 
d o 

L 
, 

H 

L 
, 

t 

L 
, 

t c 

L 

)
(6) 

here Nu f is the area averaged Nusselt number as function of the 

et diameter di 
L and the other dimensionless variables. And also, 

he t c 
L is not included in Nu f function. The chip thickness impact 

s actually included in Nu J . If the convective heat transfer increases, 

he contribution of the thickness becomes more significant. 

The dimensionless number for the pressure-drop k -factor can 

e expressed as following: 

 = f 

(
Re d , 

d i 
L 

, 
d o 

L 
, 

H 

L 
, 

t 

L 

)
(7) 

 = 

�P (
1 
2 
ρ · V̄ 

2 
in 

) (8) 

here k is the pressure coefficient, and t is the thickness of the 

ozzle plate. �P is defined as the pressure drop between the inlet 

nd outlet nozzle at the unit cell level. 
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Table 2 

List of dimensionless variables and range. 

Parameter Symbol Range 

R e d R e d 32,64,128,216,512,1024,2048 

d i /L α 0.01,0.1,0.2,0.3,0.4 

d o /L β 0.05–0.5 

t/L γ 0.1–1.2 

H/L ϕ 0.05–2 
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Fig. 4. Effect of the chip thickness on Nu j based on junction temperature for N = 4, 

Re = 1024: (a) Nu j correlation fitting with an additional part f( t c , ̄h f , A , k ) for the 

silicon substrate with thermal conductivity of 149 W/(m �K); (b) Nu j definition in- 

cluding the substrate conduction for different material thermal conductivity ranging 

from 149 to 20 0 0 W/(m �K). 
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As discussed in this section, the Nu f - R e d curves are the same 

or different nozzles arrays with the same dimensionless parameter 

atios. Therefore, a single nozzle number N investigation can be 

sed for the extraction of the correlations for Nu f - R e d and k - R e d .

he fitted predictive models can be used to extract the thermal 

nd hydraulic performance for arbitrary nozzle numbers. 

In the following section, an extensive design of experiments 

ill be conducted by varying the dimensionless numbers. The di- 

ensionless parameters include d i /L, d O /L, H/L, t/L, and t c /L. The 

nalysis is based on a fixed chip size A , with nozzle array of N × N.

he study range for the dimensionless analysis parameter is listed 

n Table 2 . 

.2. Variable impact analysis 

In this section, the DOE analysis based on the listed dimen- 

ionless parameters in Table 2 is presented: Section 3.2 shows the 

ndividual effect of the geometrical parameters, and the scaling 

rend fitted as function, to decouple the effects of other parame- 

ers; Section 3.3 presents the combined effects using the derived 

unctions from Section 3.2 as basis for the fitting of the large DOE. 

.2.1. Heat spreading effects in silicon chip 

In our test case, the thermal test chip is flip-chip bonded on the 

ubstrate, while the active heater region is at the bottom of the 

hip. Therefore, the junction temperature T j is higher than the in- 

erface temperature T s due to the heat conduction through silicon, 

esulting in an additional thermal resistance. For high performance 

ooling, this add resistance can be significant, and even the dom- 

nant contributor. In general applications, junction temperature T j 
an be measured. For the evaluation of the cooling performance, T s 
s needed. This section will discuss what is the relation between 

u j and Nu f , and also how does it impact with the N scaling. 

As defined in Section 3.1 , Nu j is based on the junction tem- 

erature while Nu f is based on the fluid-solid interface temper- 

ture. This means that the chip thickness effect is not included 

n the Nu f . Considering a simplified thermal resistance network, 

he total thermal resistance between junction and coolant contains 

hree parts: heat convection of the jet cooling, 1D heat conduction 

hrough the Si and additional heat spreading effects through the 

ilicon substrate. Thus, we can get the following equation: 

 th = 

1 

h̄ f A 

+ 

t c 

k s A 

+ R spreading (9) 

 th = 

1 

h̄ j A 

(10) 

here R th is the thermal resistance based on the average junction 

emperature. A is the chip area. The equivalent heat transfer coeffi- 

ient based on the average cooling interface temperature is defined 

s h̄ f while h̄ j is defined as the heat transfer coefficient based on 

he junction temperature. R spreading represents the additional heat 

preading resistance from the cooling interface to the junction sur- 

ace due to the non-uniform temperature distribution caused by 

he flow distribution. 
6 
Since the Biot number ( Bi ) is defined as: 

i = 

h̄ f 

k s 
∗t c (11) 

here k s is the thermal conductivity of the silicon, and k f is the 

hermal conductivity of the fluid, Eq. (9 ) can be rewritten as fol- 

ows 

1 

h j 

= 

1 

h̄ f 

g ( Bi ) = 

1 

h̄ f 

(
1 + Bi + f 

(
t c , ̄h f , A, k 

))
(12) 

n order to get the relation between N u j and f ( Bi ) , different val-

es of chip thickness are studied. Fig. 4 (a) shows the impact of 

hip thickness on the heat source junction temperature. With the 

ncrease of the chip thickness t c /L , the Nu j decreases, which shows 

 clear impact of t c /L on Nu j . Based on the definitions, the Nu f is 

ept constant for the change of t c /L , since the heat conduction is 

ecoupled from the equation. As shown in Fig. 4 (a), the add term 

f “1 + Bi ” could not fully explain the difference between Nu f and 

u j . Therefore, an additional part f ( t c , ̄h f , A, k ) is needed for the 

eat spreading effects inside the silicon. It can be seen that the 

1 + Bi + f ” can capture the trend very well, shown in Fig. 4 (a). 
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The relation Nu j between Nu f then can be expressed as below: 

 u j = 

Nu f 

g ( Bi ) 
= 

Nu f 

1 + Bi + 

(
0 . 1 Bi + 1 . 1 B i 2 

) (13) 

Most of the effect can be explained by conduction in Si. Addi- 

ional conduction for extra heat spreading is included in f( Bi ). Ac- 

ording to the relation Bi ∼ t c 
d i 

, the Bi is more pronounced for very 

hin Si and for small nozzle diameter, shown in Fig. 4 (a). 

Practically, for a t c 
L = 1 , there is about 10% extra reduction be- 

ween the red curve and blue curve in Fig.4 (a), which means that 

here will be about 35% higher thermal resistance increase for full 

i thickness with 2 mm nozzle pitch. Therefore, it can be seen that 

he heat conduction and spreading resistance in the chip become 

ncreasingly dominant for higher values of the chip thickness. 

In addition, the Nusselt number Nu j based on the junction 

emperature including the substrate conduction is investigated for 

ifferent material thermal conductivity values, ranging from 149 

/(m �K) to 20 0 0 W/(m �K). This range covers most of the substrate

aterials with different thermal conductivity in electronic appli- 

ations, including silicon (130-150 W/m/K), SiC (360-490 W/m/K), 

aN (130 W/m/K), AlN (285 W/m/K) and diamond (20 0 0 W/m/K) 

38] . The Nusselt number Nu j as function of the normalized sub- 

trate thickness t c /k s is plotted in Fig. 4 (b). The simulation results 

ndicate that the Nu j correlation ( Eq. (13 )) as function of this nor- 

alized thickness, which is part of the defined Bi number ( eq. 11 ),

till holds for a large range of materials if the t c /k s ratio is larger

han 1e-6 K.m 

2 /W, since all the curves with different thermal con- 

uctivity collapse in this range. 

Therefore, using the expression of Eq. (12 ), we can use the di- 

ensionless analysis relation Nu f - R e d without considering the im- 

act of the chip thickness, and add the impact of the chip thick- 

ess to derive the final value for Nu j . on the equation g( Bi ) . In this

ay, the design of experiments for the cooler parameter analysis 

an be simplified for the next sections. 

In general, the main objective of the presented study is to pro- 

ide correlations that can be used as a predictive modeling tool for 

he thermo-hydraulic performance of the cooler. Since for highly 

fficient cooling, the relative contribution of the Si substrate be- 

omes significantly more important, we want to include the con- 

ribution in the fitted correlation. For the practical application, the 

hip thickness can vary from full thickness (750 μm) down to sev- 

ral tens of μm. Moreover, experimental results reported in litera- 

ure are extracted for different Si thicknesses. 

The problem with the decoupling of the temperature into a 

onvective and conductive resistance is that the resistance is de- 

ned for a uniform temperature, while the flow and temperature 

istribution of the coolant have an impact on the conduction in 

he solid Si. The splitting in 3 parts “1 + Bi + ( 0 . 1 Bi + 1 . 1 B i 2 ) ” in

q. (13 ) was merely done to demonstrate that the simple conduc- 

ion resistance is not sufficient to explain the temperature rise and 

hat an extra term is needed to account for the 3D spreading ef- 

ects. 

.2.2. Effects of nozzle scaling 

For the investigation of the nozzle scaling effects, the dimen- 

ionless geometry parameters ( d i /L, d O /L, t/L, H/L) and dimension- 

ess velocity ( R e d ) listed in Table 2 are kept the same for differ-

nt nozzle numbers, ranging from N = 1 to N = 64. Fig. 5 shows the

mpact of geometry parameters with different ratios, ranging from 

.01 to 0.4. As shown in Fig. 5 (a), the Nu f - R e d curves for all the

ozzle numbers collapse for the same dimensionless number. Ac- 

ording to the dimensionless theory, the physics should be the 

ame if all the non-dimensional numbers related to geometry pa- 

ameters and input parameters are kept constant. 
7 
As for the Nu f - R e d curves, the relation function can be ex- 

ressed as following: 

u f = f ( x ) ∗R e d 
0 . 48 ∗( di 

L ) 
−0 . 16 

(14) 

here the exponent of R e d is a function of d i /L. The correlation 

f (x ) is also a function of the other parameters: d i /L, d O /L t/L and

/L, and will be extracted later. 

For the k − R e d correlation curve shown in Fig. 5 (b), the impact 

f the dimensionless variables is also studied when the inlet num- 

ers scale from 1 to 64. It shows that all the k − R e d curves col-

apse for α is 0.4, and scatters for smaller values. In addition, it 

s also observed that the scattering is more pronounced for high 

eynolds number. 

Fig. 5 (c) and 5 (d) illustrate one example of the collapse curve 

hen varying the nozzle numbers, for the dimensionless number 

f 0.1. In order to study the impact of different variables, the inlet 

umber N = 4 is chosen for the DOE simulations. 

Conclusions can be summarized as below: 

• The average Nusselt number Nu d − R e d curves for different noz- 

zle numbers all collapse for the same dimensionless number 

ratio. This makes it possible to find a good dimensionless cor- 

relation. 
• The k − R e d collapses below R e d ≤10 0 0. At the Reynolds num- 

ber R e d higher than 10 0 0, there are discrepancies, especially for 

smaller α. This means that the pressure drop k-factor correla- 

tion cannot be completely captured by the dimensionless anal- 

ysis. 

.2.3. Effects of nozzle length 

In this section, the impact of the nozzle length will be investi- 

ated. Literature [36] reported that the flow inside very short noz- 

le channels (t/L ≤ 0 . 1 ) would not reach the developed flow regime. 

herefore, in the present model, the dimensionless nozzle length is 

hosen beyond t/L > 0.1. Fig. 6 shows the impact of dimensionless 

ozzle length t/L on the Nu f and f. As illustrated in Fig. 6 (a), the

u f − t 
L curve slope is near zero and there is no trend of Nu f with 

egard to t 
L . Therefore, the dimensionless nozzle thickness t 

L is not 

ncluded in the final Nu f correlation. 

The k − R e d correlation is shown in Fig. 6 (b), which shows that 

he pressure coefficient factor k increases as the t/L becomes larger. 

he function between k and t/L for different d i /L is shown as a 

inear relationship, as below: 

 = a ∗
(

t 

L 

)
+ b (15) 

In order to understand the effect of nozzle plate thickness, 

he velocity distribution inside the jet cooling model is studied. It 

hows that the jet flow distribution at the stagnation and wall jet 

egion does not change as the nozzle length increases, resulting in 

 stable cooling performance on the heating surface. 

.2.4. Effects of outlet diameter 

The impact of the dimensionless outlet diameter is investigated 

n this section, as shown in Fig. 7 . At the same time, the com-

ined effects of d O /L and H/L of the cavity height are also shown 

n Fig. 7 , indicated as the same color. All the results for different

/L plotted show only small scattering. In this study, the inlet di- 

meter is kept smaller than the outlet diameter to reduce the sys- 

em pressure drop, which is defined as d o / d i ≥1. Therefore, a small 

 i /L ratio of 0.05 is chosen as the reference value to guarantee that 

he d O /L range can cover a larger range for d o in the analysis. As 

hown in Fig. 7 (a), the Nusselt number keeps stable when the d O /L 

s increasing. It can also be seen that the changes of Nu f are very 

mall when the dimensionless cavity height H/L is varied from 0.08 
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Fig. 5. N scaling of the (a) average Nusselt number and (b) pressure drop k -factor as a function of Reynolds number, under different inlet/outlet diameter ratios. (c) and (d) 

shows the collapse curve includes 6 selected values of N ( N = 1,2,4,8,16,64) for α = β = γ = ϕ = 0.1. 
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o 0.6. In addition, Nu f becomes larger when the Reynolds num- 

er R e d increases from 32 to 2048, as expected from the Nu f - R e d 
hown in Fig. 5 . 

The impact of dimensionless outlet diameter and cavity height 

n the pressure coefficient factor k is shown in Fig. 7 (b). It shows

hat the cavity height has negligible effects on pressure drop, 

here all the curves with the cavity height varying from 0.08 and 

.6 collapse. Moreveor, the influence of outlet diameter change be- 

omes insignificant beyond d O /L = 0.1. The reason is that the pres- 

ure drop inside the outlet nozzles dominates when d O /L is smaller 

han 0.1. When d O /L is higher than 0.1, the pressure drop of the 

ooler is dominated by the pressure inside the inlet nozzles and 

mpingement cavity. Therefore, there is only impact on the pres- 

ure drop for d O /L smaller than 0.1. 

For the Re = 512, H/L ∈ (0.08, 0.6), d i /L = 0.05, the function of k

nd d O /L can be expressed as below: 

 = e 
(
−28 . 4 ∗

(
d o 
L 

))
+ ϕ ( x ) (16) 

here ϕ(x ) represents the effects of other parameters.The main 

onclusions can be summarized as below: 
8 
◦ For d o / d i ≥ 1 . the variation of d o has no impact on Nu f - R e d 
relation; 

For d o / d i ≥ 2 ; the d o has no impact on k - R e d ; For d o / d i <

2 , the smaller d o /L has higher pressure coefficient factor. 

The flow behaviors for different outlet diameters are analyzed 

rom the modeling results. In this test case, the ratio d i /L is chosen 

s 0.3, where the ratio d o /L varies from 0.25 to 0.5. The confine- 

ent of the flow happens at the nozzle outlet, as the d o /L = 0.25 is

maller than d i /L = 0.3. As the d o is much smaller than d i ( d o � d i ), 

he pressure drop is higher. However, the pressure drop reduces as 

he d o /L becomes larger. On the other hand, the flow regions with 

tagnation region and wall jet region still keep the same as the 

 o /L is increasing. In this study, the impact of the outlet diameter 

 o /L is not included in the predictive model within the range of 0.1 

o 0.5 since the effects can be negligible under this range. 

.2.5. Effects of cavity height 

Fig. 8 shows the jet-to-target ratio H/L effects on heat transfer 

nd pressure drop varying from 0.01 to 2. For the general trend, 

u f and f are both higher for very small cavity heights. For the 
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Fig. 6. Impact of dimensionless t/L on the (a) Nusselt number Nu f and (b) Pressure coefficient k under R e d = 1024. Flow distribution for different nozzle length: R e d = 1024, 

d i / L = d o / L = 0.3, H/L = 0.3. 

Fig. 7. Impact of outlet diameter ratio on the (a) Nu f and (b) pressure coefficient factor k: d i /L = 0.05; 0 . 05 ≤ d o / L ≤ 0 . 5 ; t/L = 0.4; d o / d i ≥ 1. 

Fig. 8. Effects of cavity height H/L on the (a) Nu f and (b) Pressure coefficient factor k , for a fixed R e d = 1024 ( N = 4, t / d i = 1, Fl = 600 mL/min, R e d = 1024). 

9 



T. Wei, H. Oprins, L. Fang et al. International Journal of Heat and Mass Transfer 182 (2022) 121865 

Fig. 9. Impact of the jet-to-target at constant flow ratio: (a) H/L = 0.01; (b) H/L = 0.03; (c) H/L = 0.05; (d) H/L = 0.1; (e) H/L = 0.2; (f) H/L = 0.3. (Reynolds number 

R e d = 1024, d i / L = d o / L = 0.3, t/L = 0.1) 
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arger cavity height, the Nu f and f keep constant. As for the heat 

ransfer, the Nusselt number Nu f increases with the raise of H/L 

s the cavity height ratio is below 0.2. This is due to the confining

ow as the inlet diameter is much higher than the cavity height 

hannel thickness, resulting in a higher pressure drop and higher 

ow velocity. There is a minimum value for Nu f and f as the H/L 

s between 0.1 and 0.5. 

For the pressure coefficient factor k , there also exists a critical 

oint H critical /L with a minimal k . The behavior is more significant 

or larger inlet diameter ratio d i /L while the f keeps constant after 

harply decreases for smaller d i /L. For both cases of the heat trans- 

er and pressure drop, it can be seen that the critical point moves 

oward higher H/L with the increasing of d i /L. In general, the im- 

act of cavity height on average Nu f and f are very small, for the 

atio range: 0.3 ≤ H/L < 1, especially for the small nozzle diameter 

atio. For the pressure coefficient factor k , the effects of H/L can be

eglected when the H/L is higher than H critical . 

In order to provide insight into how the flow changes for dif- 

erent gap values, CFD simulation results with the unit cell model 

re shown in Fig. 9 . For H/L = 0.01, the flow in the cavity height

hows like the channel flow dominating most of the jet cooling 

ressure drop, which is defined as the “Pinch-off” regime in liter- 

ture [7] . The heat transfer rate is higher inside the cavity height 

hannel, since the boundary layer along the channel is thin. With 

he increasing of the H, the heat transfer decreases rapidly, as 

hown in Fig. 8 . For H/L = 0.03, there is a hydraulic jump around

he inlet nozzle region, which is defined as a “transition” regime 

7] . The heat transfer will deteriorate due to the thickening of the 

ow boundary layer [7] . On the other hand, the pressure of the 

et cooling decreases due to increasing channel thickness. As H is 

urther increased, the hydraulic jump will move towards the outlet 

egion, as shown in Fig. 9 (d). Since the boundary layer is thin be-

ore the hydraulic jump and becomes thicker afterward, the heat 

ransfer rate along the chip surface is higher. In addition, there is 

lso “recirculation” around the outlet region. For the cavity height 

/L larger than 0.3, the negative effects of hydraulic jump will be 

educed, and the heat transfer will keep constant. However, the re- 

irculation flow along the wall jet region becomes more and more 

ominant, resulting in a higher pressure drop again, as shown 
w

10 
n Fig. 9 (b). The same physic phenomenon was also observed by 

runschwiler [7] . However, the flow physics used in their study is 

ased on the laminar flow, with Reynolds number ranging from 11 

o 402.6. And also, the dimensionless inlet diameter ranges from 

.1 to 0.3. This work extends the laminar flow to transition flow 

ith Re between 32 and 2048. Moreover, this work also covers a 

ide range of the inlet nozzle diameter ratio d i /L from 0.1 to 0.6. 

t is observed that the different flow regimes (pinch-off, transition, 

mpingement) are different for smaller d i /L and larger d i /L. 

.2.6. Effects of inlet diameter 

As shown in Fig. 10 , the impact of inlet nozzle diameter on 

he Nu f and k is investigated, under smaller cavity height ratio 

/L = 0.5 and higher cavity height H/L = 1. In general, the Nu f in-

reases when the inlet diameter ratio d i /L increases from 0.02 to 

.4. This is attributed to the stagnation region corresponding to the 

mpingement surface becomes larger when the inlet nozzle diame- 

er increases. It is found that the heat transfer coefficient decreases 

hen the jet diameter becomes larger [10] . The impact of inlet di- 

meter was also studied under different Reynolds number varying 

rom 32 to 2048. In the general trend, the Nu f - d i /L presents a good 

inear function as below: 

u f = α

(
d i 
L 

)
+ β (17) 

s for the pressure drop coefficient factor, the k factor shows 

ower-law function with d i /L, listed as below: 

 ∼ ( 
d i 
L 

) b (18) 

.3. Development of predictive models 

As listed in Table 2 , the different dimensionless parameters are 

ombined for a full DOE analysis, with more than 10 0 0 simulations 

or a fixed N with no silicon thickness included. The fittings for 

u f - R e d and k - R e d are derived as function of dimensionless param- 

ters. And the fittings are actually based on the functions found in 

ection 3.2 . As shown in Fig. 5 , the pressure drop is extremely high

hen the normalized inlet diameter ratio comes to 0.01. Therefore, 
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Fig. 10. Nusselt number Nu f (a) and pressure coefficient factor k (b) as a function of dimensionless inlet nozzle diameter, where the t/L = 0.1 and H/L = 1, with larger cavity 

height ratio ( d i /L = d O /L). 
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he dimensional inlet diameter and outlet diameter ratio are cho- 

en above 0.01 in order to keep the pressure drop in the reason- 

ble region. 

Based on the multivariable regression analysis, the developed 

mpirical models with Nu f - R e d and k - R e d are shown below. From 

he empirical model of Nu f − R e d , the maximum variation is be- 

ween ±30%. This model also first shows that the exponent of R e d 
s as a function of d i /L. Other parameters such as outlet diameter, 

avity height and nozzle plate thickness are negligible when all the 

arameters are under the confined region. 

u f = 

( 

5 . 64 

(
d i 
L 

)2 

+ 0 . 031 

(
d i 
L 

)
− 0 . 0 0 0632 

) 

(
H 

L 

)−0 . 29 

R e d 
0 . 48 

(
d i 
L 

)−0 . 16 

(19) 

d i 
L 

= 

d o 

L 
= a ; 0 . 01 ≤ a ≤ 0 . 4 ; 0 . 01 ≤ H/L ≤ 0 . 4 ; 32 ≤ Re d 

≤ 2048 ; 0 . 05 ≤ H/d i ≤ 20 ; 0 . 01 ≤ t/L ≤ 0 . 4 

)
The pressure coefficient factor k correlations with the predictive 

rror between ±30% is also developed as below: 

 = 

{ 

(
21 . 2 ∗

(
d i 

L 

)
+ 14 . 5 

)
R e d 

−0 . 73 

(
d i 
L 

)
−0 . 26 

(
2 . 26 

(
t 

L 

)
+ 0 . 89 

)
(

0 . 37 

(
H 

L 

)
0 . 15 + 0 . 55 

)
+ 0 . 8 

} 

(20) 

d i 

L 
= 

d o 

L 
=a; 0 . 05 ≤ a ≤ 0 . 6 ; 0 . 5 ≤ H / d i ≤ 20 ; 32 ≤ Re d 

≤ 1024 ; t / L ≥ 0 . 1 

)
or the k -Re empirical model, it can be seen that k has a linear

elationship with the t/L. The effects of the cavity are also captured 

y the developed function. In Fig. 11 , the evaluation of the fitting 

greement for all simulation results of the DOE is presented. 
11 
. Experimental validations of predictive model 

In order to validate the Nu correlations with Eq. (19 ) derived in 

his paper, 2 different impingement coolers with large different in 

ozzle dimensions are validated with the experimental data. The 

rst one is our own demonstrator of 3D printed polymer cooler 

ith 300-750 μm nozzles [35] for three different nozzle arrays. 

As shown in the previous study [35] , a simplified board level 

olymer demonstrator cooler with a 4 × 4 array of 750 μm in- 

ets and 5 × 5 array of 750 μm outlets has been demonstrated 

nd measured. The 3D printed chip cooler has been successfully 

ounted to the chip package and no leakage is observed, illus- 

rated in Fig. 12 . Temperature measurements are performed us- 

ng the 32 × 32 array of diodes in the in-house Packaging Test 

hip Version Q (PTCQ) thermal test chip to visualize the chip tem- 

erature distribution for the quasi-uniform power dissipation pat- 

ern. The 95% confidence interval of the calibrated sensitivity of 

he temperature sensor on the test chip is - 1.55 ± 0.02 mV/ °C in 

he temperature range between 10 and 75 °C for a current of 5 

A. A dedicated closed flow loop is built to characterize the ther- 

al and hydraulic performance of the cooler. The fluid used in this 

easurement is Deionized water (DI water). The flow rate in the 

ystem is controlled by a mini-Cori flow meter with accuracy of ±
.2% as a percentage of reading (%RD). The pressure drop between 

he inlet and outlet is measured by a differential pressure gauge 

hat can withstand a static pressure of 10 bar. The scope of the 

ressure drop is between 0.2 and 5 bar with an accuracy < ±0.5% 

s a percentage of full scale (% FS). A stainless-steel basket filter 

s used for the pump with a screen of 25 μm. The analysis of the

ropagated measurement uncertainty results in a value of ± 1.8 % 

or the reported thermal measurements [35] . The measured cool- 

ng performance of the 3D printed coolers with 3 × 3, 4 × 4, and 

 × 8 inlet nozzle arrays are characterized in this paper. The sec- 

nd one is the Si impingement cooler with 43 μm diameter noz- 

les. The measurement data are extracted from the literature [7] . 

The demonstrations of the three coolers [38] and also the sil- 

con impingement jet cooler [7] are all shown in Fig. 13 . Table 3

ists the comparison between the designed value and measured 

alue of the nozzle diameters for the three coolers. Also, the di- 
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Fig. 11. Correlations fitting for heat transfer and flow dynamics: (a) developed Nu f correlation versus CFD Nu f data (b) developed k factor correlation versus k_CFD. 

Table 3 

Comparison between the designed and fabricated parameters (unit: mm). 

N × N array Unit cell d i (Design) d i (Meas.) d i /L (Meas.) H/L(Meas.) 

3 × 3 2.67 mm 0.8 mm 0.95 mm 0.36 0.33 

4 × 4 2 mm 0.6 mm 0.75 mm 0.375 0.33 

8 × 8 1mm 0.3 mm 0.38 mm 0.38 0.33 

19044 [7] 0.15 mm 0.043 mm 0.287 0.33 

Fig. 12. Experimental setup and cooler assembly with the thermal test vehicles. 
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Fig. 13. Demonstrations of the three different version 3D printed coolers with (a) 3 ×
nozzles from Brunschwiler et al. [7] . 

12 
ensionless number di/L with the measured values are also listed. 

ince the cavity height designed for all the three coolers are mea- 

ured as the same value with 650 μm, the dimensionless number 

/L used in the predictive model is H/L = 0.33. In general, it can 

e seen that the measured di/L is a bit lager than the designed 

alue of d i /L = 0.3. For the predictive model validation, the mea- 

ured thermal resistance and flow rate are all transformed to the 

u f - R e d correlations. The plotted Nu f - R e d relations for the coolers 

ith three different inlet nozzle arrays are used to validate the 

redictive model, based on the dimensionless analysis. As shown 

n Fig. 14 , it can be seen that the predictive model based on the

easured di/L value listed in Table 3 shows a good agreement with 

he experimental results. 

Moreover, the measurement data from Brunschwiler et al. are 

lso used to validate our developed predictive model, as shown in 

ig. 15 . The cooler parameters from Brunschwiler et al. [7] are im- 

orted into the predictive model, where the nozzle diameter is 43 
3; (b) 4 × 4 and (c) 8 × 8; and also (d) the silicon based jet cooler with 19,044 
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Fig. 14. Comparison of the measurements data and developed predictive model 

Nu j - R e d for the 3D printed coolers with 3 × 3, 4 × 4 and 8 × 8 inlet nozzle ar- 

rays. 

Fig. 15. Comparison of the developed predictive model with literature experimental 

data and correlations. 
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m, unit cell length is 150 μm, and the nozzle number is 19044. It 

an be seen that the predicted Nu f - R e d curve based on the geome- 

ry parameters shows good agreement with the experimental data 

n the literature [7] , and this agreement is better than their Nu f - 

 e d correlation. This is because the impacts of the d i / L and H/L 

re included in our predictive model. Furthermore, the extracted 

u f - R e d correlation is also compared with the state of art Nu f - R e d 
orrelations in the literature based on the 3D printed cooler con- 

gurations, as reviewed in Section 1.2 . It can be seen that the most

atched developed model is Onstad’s model [3] , while the differ- 

nce is larger for other models. However, the empirical constants 

or the power-law relationship of Nu D versus Re D for Onstad’s 

odel are only limited to three different nozzle diameter values. 

oreover, it is also found that the predictive model developed by 

indeman et al. [37] shows nicely predication in the large Reynolds 

egion above 10 0 0, but larger error in the small Reynolds number 

egion. It should be noted that our developed model is based on 

he jet cooling with locally distributed outlets, which includes the 

imensionless term of d / L and H/L. The developed Nu-Re model 
i 

13 
pplies to different d i / L and H/L ratios, under the range (0.01 ≤ d i / L

0.4; 0.01 ≤H/L ≤ 0.4). In summary, the predictive model including 

he effects of d i / L and H/L matches well with our in-house de- 

eloped experimental results and also shows good agreement with 

he available experimental Brunschwiler et al. data. 

. Conclusions 

In this paper, non-dimensional correlations are developed for 

he heat transfer in terms of the Nusselt number Nu f and pressure 

oefficient factor k as a function of the dimensionless geometrical 

arameters for direct on-chip microscale liquid jet impingement 

ooling with alternating feeding and draining nozzles. Those cor- 

elations can be used as a predictive model to estimate the ther- 

al and hydraulic performance of a jet impingement cooler with 

n N × N array on inlet nozzles and a N + 1 × N + 1 array of out-

et nozzles distributed between the inlet nozzles. The dimension- 

ess analysis is performed using conjugated heat transfer and fluid 

ow unit cell CFD models using a transition SST turbulence model, 

hich has been validated with LES simulations [34] . An extensive 

esign of experiments analysis (DOE) has been performed based 

n the listed dimensionless geometry parameters ( d i /L, d O /L, t/L, 

/L) and dimensionless velocity ( R e d ) to create the data set for the 

tting of the correlations. 

In the first step, the impact of the individual geometrical pa- 

ameters has been studied and a fitting function has been pro- 

osed to describe this impact. This study showed that the impact 

f the chip thickness has a significant impact on the junction tem- 

erature of the application and that the relative impact of this con- 

ribution increases as the convective heat transfer increases. Due 

o the non-uniformity and the jet impingement flow and the chip 

urface temperature distribution, this impact is larger than just the 

ontribution of the one-dimensional conduction through the sili- 

on of the chip, but also includes significant contributions of ad- 

itional lateral heat spreading. Moreover, the effects of the nozzle 

ength, outlet diameter and cavity height are studied and quanti- 

ed in this work. 

In the second step, the Nusselt number and k -factor correla- 

ions are fitted for all the dimensionless parameters based on the 

reviously derived functions for the individual parameters. The fit- 

ed correlations show maximum predictive error of ±30% for the 

u f and the pressure coefficient k factor correlation respectively, 

ased on a comparison of the fitted values with the simulation val- 

es. The Nusselt number Nu f correlation has been experimentally 

alidated for both own test vehicle data of jet impingement cool- 

rs with distribution nozzles with a nozzle diameter range of 300 

800 μm, as well as for literature data for smaller 43 μm diameter 

ozzles. For both sets of experiments, the developed correlations 

how a very good agreement with the experimental data over the 

e range from 20 to 20 0 0. 
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