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Numerical and experimental study of spray cooling of a heated metal surface
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Abstract

The spraying of an impinging jet is an effectway to cool heated surfaces. The objective ofghigly is
to develop a numerical model to predict the heatdfer with phase change between a hot plate sudiad a
two-phase impinging jet. Different two-phase modgliapproaches (Lagrangian and Eulerian methods) are
compared. The influence of the spray nozzle opgyatonditions (pressure, flow rate, droplets sa&] of the
distance between the nozzle exit and the surfapadimis analyzed. The numerical results are condpaith
measurements obtained on an experimental test b&hehconfrontation numerical/experimental is @drout
by comparing the distribution of temperature at sheface of the plate and the heat transfer coeffic This
comparison shows that it is the Eulerian model wisieems most capable to take into account the eaiigno of
the droplets in contact with the heated plate asmsequently, which gives results more in agreemétit the
experiments. However, the simulation performed whik model show a strong dependence of the retsuttse
turbulence model used.

Introduction

This work falls under a research project aimingrgiroving the heat dissipation and the coolinglete
tric motors of great power (more than 30 kW) intethdor a new generation of electric cars. Indeleel cooling
of the electric motors is generally obtained byurator forced convection modes [1, 2]. The needi&signing
electric motors with higher specific powers obligesonsider other more effective cooling solutidngparticu-
lar to cool the high temperature parts of the m@asrthe coil winding heads). The use of impingetgsprays is
proved to be an effective way to cool high tempemsurfaces and has been previously used forrmpelec-
tronic components [3] or for metal quenching [4, 5]

Spray cooling consists of a stream of fluid dropl@hixture of gas and fine liquid droplets) impagtion
the surface to cool. On contact with the hot surfahe droplets evaporate during the boiling pread the
resulting phase change considerably increasesetitettansfer between the impinging jet and theaser{6, 7].

A computational approach by CFD is planned in otdesvaluate the effectiveness of the spray cgolin
and to dimension and optimize the cooling systear.tRat, it is necessary first to develop a nunstrnodel
making it possible to predict the heat transfehwgbase change between a heated surface and éhase-pn-
pinging jet.

The CFD simulation of two-phase or multiphase flawsisists in solving the fluid dynamics equations
and in coupling the problems between the phasgarby relations at the interfaces taking into actdbe ex-
changes of mass, energy and momentum between #éisegtCurrently there are two approaches for theeriu
cal calculation of multiphase flows: the Euler-Laigge approach and the Euler-Euler approach [9-10].

In the Euler-Euler approach, the different phagestated mathematically as interpenetrating ooati
and by introducing the concept of phase volumetifsac Conservation equations for each phase argatkto
obtain a set of equations, which have similar stmecfor all phases. These equations are closegrdyiding
constitutive relations that are generally obtaifredh empirical information. The Euler-Euler apprbagses the
notion of interfacial area concentration which &fided as the area of interfaces between two phaesesnit
mixture volume. This approach allows for heat arabsntransfer between phases but does not seetetonde
the properties of each particle present in the thosvto calculate local properties of the multiph#lew.

In the Euler-Lagrange approach (Discrete Phase Watie fluid phase is treated as a continuum by-so
ing the time-averaged Navier-Stokes equations,enthié dispersed phase is solved by tracking a langeber
of particles, bubbles, or droplets through the waked flow field. The dispersed phase can exchangmen-
tum, mass, and energy with the fluid phase. In #éipiproach, the particle or droplet trajectories @mputed
individually at specified intervals during the fiuphase calculation. These modeling approaches heea
compared in a previous work carried out by the gmeauthors [12]. This previous study has in paliicshown
the strong dependence of the results to the mdderloulence used and to the size of the dropletsihg the
spray. The present study offers a more rigorouslatbn of the CFD model developed by confrontihg hu-
merical simulations with the measurements obtam®a test bench, in the case of the spray coolfray lwot
metal plate which can represent part of an eleotator.
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The influence of the distance between the spraylaaxit and the surface impact is also analyZéd paper is
organized as follows. The following section desesilthe experimental setup and its instrumentafibe. next
section presents the CFD model. The last sectiscudses the results obtained and in particulacdhgarison
between the numerical and experimental results.

Experimental Setup

The test bench designed to enable the experimstuidy of the spray cooling of a heated metal serfac
presented in figure 1. It consists of a heatingesysa spraying system and a data acquisitionrsysibe spray-
ing surface corresponds to the top surface of @eoblock cylinder of 60 mm in diameter and 75 mrheight.
This block is heated by means of a 400 W cartridg@ter positioned in the lower part of the cylindgshown
in figure 2. The cartridge heater is supplied véthariac allowing the control of the voltage andrdiore the
control of the heat output. The entire copper bléekcept the top surface) is wrapped by thermallai®n
material to minimize heat loss and to guarantedirgational heat conduction (in the cylinder axakction).
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Figure 1 Spray cooling test bench
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Figure 2 Heater assembly and thermocouples implementation

A spray nozzle (Fine Spray Hydraulic Atomizing-typ#M-SS2 - spraying system) with a spray angle Gsf 7
and an orifice diameter of 0.71 mm is used. Thaypozzle is supplied with water at 10 bar maxinpressure
by means of a micro pump. As specified by the mactufer, the spray nozzle used produces water eteopf
about 214um Sauter Mean Diameter at a supply pressure of.3%bfbow meter (Brooks Instruments — R6-15B)
and a Bourdon manometer are used to measure thedte and the inlet pressure of water, respegtii2liring
our experiments, the water flow rate lies betwe@8 tl/min and 130 ml/min. The supply pressure ofewés
comprised between 2 and 3 bar and the water ieleipérature is maintained at 40°C. 12 J-type (iron-
constantant) thermocouples, each having a 0.2 nad demeter, were embedded at various depths bblew
heater surface to provide the temperature gradietittemperature profile within the copper blockraér. The
detailed implementation of thermocouples is showrfigure 2. The heat flux was calculated using dine-
dimensional Fourier's law of heat conduction anel sarface temperature was determined by lineaapela-
tion of the measured temperatures. The thermocaigiels were collected using a high-density theonple
module (N19213 module) connected to a PC runningVlBW.

The test bench enables the investigation of theyspooling process for various operating conditidif
ferent heat fluxes, different distances betweensfiray nozzle and the hot surface). During thegurtesxperi-
ments, the spray nozzle was positioned above amepeéicular to the horizontally placed heated sigfa
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Numerical approach
The computation has been carried out usimgdbmmercial CFD software ANSYS-FLUENT. The

steady state simulation uses the pressure baseer,salhich employs an implicit pressure-correctsmheme
and decouples the momentum and energy equatioesSIMPLE algorithm is used to couple the pressuack a
velocity. Second order upwind scheme is selecteddatial discretization of the convective terms.

The turbulence of the flow, which plays a dieeting role in two-phase flows, is taken into amebusing
different RANS models (Standard k-epsilon, Realizdepsilon and RNG k-epsilon models).

The two-phase flow phenomenon can be modelesgveral ways In the CFD code ANSYS-FLUENT.
The two-phase flow models used in this study aeesEblerian model (Euler-Euler approach) and thecieie
Phase Model (Euler-Lagrange approach).

In the present simulations, the Eulerian modekube interfacial area concentration model of Hibik
Ishii [11]. In the DPM simulation, the spray-watitéraction is taken into account via the wall fimodel [11].
According to Naber and Reitz [8], this model is aygiate for high-temperature walls where no sigaift
liquid film is formed, and in high-Weber-number iagis where the spray acts as a jet. The dropleikbpe
regime is considered using the atomization regime.

Geometry and mesh have been generated tg@ngre-processor GAMBIT. Figure 3 shows the 2D axi
symmetric computational domain and the boundaryitimms used. The bottom of the domain correspdods
the top of the heating cartridge. The spray noezi¢ is located in the top left corner of the domarhe dis-
tance H between the spray nozzle exit and the itmpar€ace is variable during this study. The corapiahal
domain has been discretized to fine cells to conthecsimulation. Figure 3 shows the computatignal which
contains approximately 40000 quadrilateral elemefdsaccurately predict temperature gradients aad trans-
fer, the cells have been clustered towards the étrgaface to obtain appropriate y+ value less than
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Figure 3 Computational domain and mesh grid

Resultsand Discussion
The results obtained relate primarily to the evioluof the local heat transfer coefficient and tué sur-

face temperature along the plate.

A comparison of the DPM and Eulerian two-phase n®d&s carried out initiallyFigure 4 compares
the evolutions of the coefficient of the heat tfangoefficient obtained experimentally and frommslations by
using the same turbulence model (i.e the Realizkigpsilon model). It may be noted that it is thedfian
model which gives results more in agreement withdkperiments. The difference between the measanmdd
calculated values of heat transfer coefficient dustsexceed 12%. Our Discrete Phase Model doesasmh able
to correctly predict the phase change which ocoarshe surface of the plate and strongly underegémthe
heat transfer. These results are confirmed byatk distributions of the temperature at the uppeface of the
plate shown in figure 5. One notes a very goodeagent between the numerical results obtained \withRule-
rian model and the experiments. It is thus the iFaemodel which is used in the continuation o$thtiudy.
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Figure 4 Radial evolution of heat transfer coefficient foPE and Eulerian models
(Water pressure = 3 bar, Water flow rate = 131 nml/m
Droplets mean diameter = 214 pm, Heating powerG\WW0OH = 50 mm)
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Figure5 Radial evolution of surface temperature for DPM &inderian models
(Water pressure = 3 bar, Water flow rate = 131 nml)m
(Droplets mean diameter = 214 um, Heating powed@\&, H = 50 mm)
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Figure 6 Radial evolution of surface temperature for différirbulence models
(Water pressure = 3 bar, Water flow rate = 131 nml)m
(Droplets mean diameter = 214 um, Heating powe&\&, H = 50 mm)
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Figure 6 illustrates the influence of the turbulkenmodel used on the numerical prediction of heatsfier. It
compares the radial distribution of the surfaceperature obtained by using three RANS models. Tifierd
ences between the different simulations are siganifi and it is the Realizable k-epsilon model, hyailedicated
to the flows with strong pressure gradients andaelation regions, which gives the results clogeshe expe-
rimental results.

It is thus the Realizable k-epsilon model whiclused in the rest of this study, and in particutarthe
analysis of the influence of some parameters (siscthe heating power and the spray nozzle distaarwtYor
various operating conditions of the spraying syst@esults obtained are presented in figures 7 to 12

The results obtained while varying the heating @oef the cartridge from 250 to 366 W (figure 8pah
a very good experimental / numerical agreementtharefore confirm the capacity of the model CFDdute
correctly predict the boiling heat transfer whiattors on the impact surface.
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Figure 7 Radial evolution of surface temperature for différkeeating powers
(Water pressure = 3 bar, Water flow rate = 131 nml)m
(Droplets mean diameter = 214 um, H = 50 mm)

Figures 8 and 9 show the impact of the distanceetwiéen the nozzle and the impact surface on thingoloy
spray. The numerical and experimental tests wenéedaout for several values of the distance H nagdpe-
tween 10 and 70 mm. The agreement between the aihand experimental is good, especially conceytire
mean surface temperature (Figure 9). One notegréfisant impact of the distance H on the coolireyfpr-
mance and an optimal distance (in the neighborhadd®) mm on our device) seems to emerge. At this d
tance, the angle of spray allows the total covehefsurface of impact by the spray jet.
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Figure 8 Radial evolution of surface temperature for différepray nozzle distances H
(Water pressure = 3 bar, Water flow rate = 131 nml)m
(Droplets mean diameter = 214 um, Heating powed&\R/)
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(Water pressure = 3 bar, Water flow rate = 131 nml)m
(Droplets mean diameter = 214 um, Heating powed&\R/)

Figures 10 and 11 presents results obtained expataity and numerically under various operatingditions
of the spray system, with a spray nozzle distanagf B0 mm comprised in the optimal range. Threeesad
operation were considered while varying the sugpBssure of the spray nozzle between 2 and 3 tmthé
supply pressure conditions the water flow rate #neddroplets size, the characteristics of the spirader the
operating conditions tested are summarized in thble

Water presssure (bar Flow rate (ml/min) Droplett®r Mean Diameter (um)
Case 1 2 109 237
Case 2 2.5 119 224
Case 3 3 131 214

Table 1 Spray characteristics and operating conditions

The results obtained show strong variations oftiiéace cooling with the spraying system operatioigditions.

The distributions of temperature on the surfacthefplate (figure 10) show a clear improvementhef ¢ooling

performance when the flow rate increases. A redandti approximately 5°C of the mean surface tentpegas

observed both numerically and experimentally whenflow rate passes from 109 to 131 ml/min. Thiseoba-

tion is confirmed by the evolutions of the heahsfar coefficient along the surface presented guré 11. Once
again, the agreement between the numerical andimgal results is satisfactory
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Figure 10 Radial evolution of surface temperature for différe/ater flow rates
(Heating power = 300 W, H = 50 mm)
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Figure 11 Radial evolution of heat transfer coefficient faffefent water flow rates
(Heating power = 300 W, H = 50 mm)

Summary and conclusions

In order to correctly dimension a sprayingtey for cooling electric motors, a numerical maueking
it possible to predict the heat transfer with phatsgnge between a heated surface and a two-phpsgging jet
was developed. This model was implemented in a certiad CFD code and validated against experiments
carried out on an experimental test bench spetifidedicated for this purpos®ifferent two-phase modeling
approaches (Lagrangian and Eulerian methods) aretadeRANS turbulence models were tested. The cdanpu
tional results more in agreement with the experisievere obtained with the two-phase Eulerian madsb-
ciated with the Realizable k-epsilon turbulence elo@he CFD model was then used under various tpgra
conditions of the spray system and for various ¢t of heating.

It may be noted that due to the low heat flux diesiused, the surface temperature remains signific
below the vaporization temperature of water. Tmdarlines the minor role played by evaporationf@durface
in our operating conditions. However, the comparisetween simulations and experiments shows thabiléty
of the model to correctly predict the phase chareg transfer during the spray cooling. It mugiva/lin a short
time, the optimization of the spraying system befits implementation on an electric motor.
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