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a b s t r a c t

In this work, intermittent spray cooling is proposed as a new technological concept to remove heat fluxes

with good performance and introduce the potential use of advanced control techniques in the develop-

ment of thermal management systems. The objective of this research work is to provide further insight

into the physics involved in the heat transfer process triggered by the impact of an intermittent spray,

and further investigate the effects of injection system parameters, such as the frequency of injection,

pulse duration, initial wall temperature, pressure of injection and impingement distance, on the intermit-

tent cooling system’s performance. The results include a brief description of the spray intermittent

behavior, an analysis on its thermal response and an evaluation of its performance. The ‘‘duty cycle”,

defined as the percentage of the cyclic time during which the cooling liquid is injected, is found to be

the main parameter enabling a more accurate control of the cooling process. The experiments reported

evidence that small duty cycles promote heat removal by phase-change. With larger duty cycles, the

effect of reducing the time lag between consecutive injections is a greater interaction between cycles,

eventually leading to the formation of a thin liquid film. As the duty cycle evolves toward the continuous

spray condition, the cooling system’s thermal response improves, but phase-change is mitigated, affect-

ing the system’s performance. Intermittent spray cooling is also compared with continuous spray cooling

experiments and liquid savings has been estimated by 10–90% for the same energetic efficiencies

reported in the literature. Finally, general guidelines are outlined for the design of thermal management

systems based on intermittent spray cooling.

� 2008 Elsevier Inc. All rights reserved.

1. Introduction

There is a significant number of applications, such as the mini-

aturization of electronics in microprocessor developments, power

electronics, high power amplifiers for radar systems, internal com-

bustion engines, fire extinguishment, rapid cooling and quenching

in metal foundries, ice chiller and air-conditioning systems, derma-

tologic surgery to name but a few, which demand for new cooling

techniques capable of removing large heat dissipation rates.

Among these new techniques, spray cooling appears to be one of

the most notable methods with its ability for removing heat rely-

ing on phase-change, additionally to the convective heat transfer

linked with fluid motion.

The two-phase flow generated in the spray cooling event has a

highly complex nature and depends not only on several spray

parameters, such as droplet size, velocity and density, but also on

surface properties and morphology (e.g. roughness), and even on

the initial surface temperature upon spray impact, therefore, it is

difficult to clearly state which parameter is actually governing heat

transfer (Panão and Moreira, 2006). Moreover, the fact that current

spray cooling systems usually involve continuous sprays limits the

control of heat dissipation rates to steady working conditions and

their application in systems with transient cooling demands, such

as in microelectronic devices, is a difficult task. In response to this

limitation, an intermittent spray has been proposed and applied for

two-phase cooling. In Moreira and Panão (2006), experiments were

conducted using fuel injection technology for the spray intermit-

tency and this new cooling concept was reported to remove heat

at least as efficiently as continuous sprays, with the advantage of

using lower overall mass fluxes.

An intermittent spray has the ability to provide a short time-

scale response in the control of heat fluxes by proper matching

the frequency of injection with the pulse duration in the nucleate

boiling heat transfer regime, according to the classical boiling the-

ory. At low injection frequencies, nucleate boiling heat transfer is

not limited by the delivery of liquid to the surface, or by the re-

moval of vapor. At higher frequencies, an enhanced vaporization

is induced by piercing and mixing the liquid film due to multiple

drop impacts and a greater interaction between consecutive injec-

tions (Moreira and Panão, 2006). This ability for transient cooling is

useful, for example, in microelectronic devices, where power dissi-

pation rates depend on electronic current variations. In some cases,
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the variation of heat dissipation rates may vary by orders of mag-

nitude, which means that cooling time scales can be equal to, or

less than 2 s (Cader et al., 2004). Therefore, the variable control

of the cooling potential is an advantage of thermal management

systems using intermittent sprays, providing an adequate response

to eventual overall temperature variations by proper adjusting its

cooling timescale.

In this work, intermittent spray cooling (ISC) is proposed as a

new technological concept for meeting the challenge of transient

heat dissipation requirements. The paper is structured as follows:

After the present introduction, Section 2 further details the exper-

imental method. Section 3 is dedicated to the results and their dis-

cussion, including: (i) a brief description of the spray intermittent

behavior; (ii) an analysis on its thermal response, in order to

understand, conceptually, how such system works; (iii) an evalua-

tion of the spray cooling local performance for several frequencies,

and durations of injection; (iv) the use of two fluids with different

latent heat of evaporation for assessing the effect of this parame-

ter; (v) and the last set of results reports preliminary studies on

the parametric influence of the pressure of injection, impingement

distance and initial surface temperature on the spray cooling per-

formance. Finally, Section 4 summarizes the main conclusions and

suggests some general guidelines for the optimization of an inter-

mittent spray cooling system.

2. Experimental method

2.1. Experimental apparatus

The flow configuration is that of a spray striking perpendicular

onto a flat aluminum disc with a 10 mm radius (rdisc), heated by an

electric resistance coupled with a copper plate for uniformly dis-

tributing heat to the disc. The injector is a BOSCH pintle-type with

0.79 mm of pintle diameter inserted in a hole with 0.9 mm and the

spray produced has a hollow-cone structure. The use of such struc-

ture instead of a full-cone spray follows previous experimental

work where the potential advantages of the pattern produced by

a hollow-cone spray were explored (Moreira and Panão, 2006).

Nevertheless, the results and thermofluid dynamic analysis in this

paper is locally developed and could be further extrapolated, with

care, to full cone sprays. The fluid is supplied to the injector by a 2 L

tank pressurized with N2 and its temperature is 22 ± 2� C.

The injection frequency, pulse duration and number of injec-

tions are software controlled by a NI5411 arbitrary function gener-

ator from National Instruments. Two liquids were used in this

experiment: HFE-7100 and acetone. Their thermophysical proper-

ties are listed in Table 1: specific mass (q); dynamic viscosity (l);
surface tension (r); boiling temperature (Tb); liquid specific heat

(cp); and latent heat of vaporization (hfg). The variation of HFE-

7100 properties with temperature is provided by the manufacturer

(3 M) and the properties of acetone were estimated according to

Reid et al. (1986).

Three ‘‘Medtherm” eroding-K-type thermocouples were assem-

bled in the disc, spaced by 4 mm (rtc) with the first thermocouple

located at the disc centre as depicted in Fig. 1. Thermocouple’ sig-

nals are sampled at 50 kHz with a NI6024E National Instruments

DAQ board plus a BNC2120, and the electrical signal is amplified

with a gain of 300 before being processed to obtain surface tem-

Nomenclature

cp specific heat (J kg�1 K�1)
D droplet diameter (lm)
DC duty cycle ¼ Dtinjf

�1
inj � 100% (%)

Ex, ex exergy (J), specific exergy (J/kg)
f frequency (Hz)
h enthalpy (J kg�1)
hfg latent heat of evaporation (J kg�1)
k thermal conductivity (Wm�1 K�1)
Lw plate thickness (mm)
_m00 mass flux (kg m�2 s�1)
p pressure (bar)
_q00 heat flux (Wm�2)
rdisc disc radius (mm)
rtc thermocouple radius (mm)
T temperature (�C)
t time (s)
s local specific entropy (J kg�1 K�1)
_S00 flux of entropy (Wm�2 K�1)
U droplet axial velocity (m s�1)
u specific internal energy (J kg�1)
Z axial distance (mm)

Greek letters
b thermal effusivity (J m�2 K�1 s�1/2)
v evaporated mass fraction

/ irreversibility distribution ratio
Dt time interval (ms)
DT temperature difference (�C)
gI energy efficiency
gp exergy efficiency
l dynamic viscosity (kg m�1 s�1)
h top to bottom surface temperature difference
q specific mass (kg m�3)
r surface tension (N m)
s�thr relative thermal response timescale
n ¼ Lwbk

�1
w (s1/2)

Subscripts
b boiling point
c convection
er electric resistance
imp impingement
in impinging
inj injection
gen generated
p primary
s secondary
w wall
wb wall to boiling

Table 1

Fluids thermophysical properties.

Fluid (22 �C) HFE-7100 Acetone

q (kg/m3) 1488 790

l (kg/m/s) 5.7 � 10�4 3.2 � 10�4

r (mN m) 13.6 23.7

cp (J/kg/K) 1177 2161

Tb (�C) 61 56.3

hfg (kJ/kg) 111.6 534

sL (295 K) (kJ/kg) 0.2632 2.005

sV (Tb) (kJ/kg) 0.7474 3.344

hL (295 K) (kJ/kg) 69.26 �3685.1

hV (Tb) (kJ/kg) 223.2 �3297.6
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perature values. Inaccuracies due to electronic noise were inver-

sely proportional to the surface temperature and represent an

uncertainty smaller than ±1% (for a detailed analysis see Moreira

and Panão, 2006).

Table 2 contains all the case studies used in this work. In each

case, 100 series of 40 injection cycles were performed for averaging

purposes.

Local time-resolved measurements of droplet size and velocity

are simultaneously made at 3 mm above the surface, with a two-

component phase Doppler interferometer (PDI) DANTEC system

consisting of a 55X transmitting optics, a 57 � 10 PDI receiving op-

tics, oriented at 30� for maximizing the signal visibility with negli-

gible variations of the refractive index, and a 58N10 Covariance

processor. The droplets impinging on the wall are distinguished

from those produced by secondary atomization mechanisms

through the axial velocity component (U). A positive axial velocity

indicates impinging droplets, otherwise, secondary droplets. The

number flux of impinging droplets depends on the effective

cross-section area of the PDI measurement volume, which is calcu-

lated according to Roisman and Tropea (2001), Panão and Moreira

(2005), and the error propagation analysis in the mass flux calcula-

tions resulted in uncertainties of less than 10% for mass flux

quantities.

2.2. Methods for heat transfer analysis

The analysis performed in this work for studying ISC as a new

technological concept depends on: (i) mass fluxes, measured by

the phase-Doppler technique; (ii) wall heat flux, determined from

measurements of the surface temperature and; (iii) local energy

and exergy efficiencies, which evaluate the local spray cooling

performance. In other spray cooling research works, the evalua-

tion of the system’s performance is usually approached from

the point of view of the first-law of thermodynamics. In this pa-

per, we suggest that including the point of view of the second-

law of thermodynamics in this evaluation – through an exergy

analysis – can be very useful. The advantage provided by an exer-

gy analysis is to pinpoint the mechanisms which destroy exergy

the most, understand why and evaluate their influence on the

outcome, thus providing a more clear physical understanding of

how can we optimize a spray cooling system by maximizing

the useful energy from the energy available. A short note is that

the exergy analysis developed here is locally restricted to the

spray impingement event. The next sub-section addresses the

methods used for quantifying the instantaneous wall heat flux,

the local entropy generation and, consequently, the local exergy

efficiency.

Fig. 1. Experimental setup scheme.

Table 2

Working conditions used in the experiments.

Case finj (Hz) Dtinj (ms) pinj (bar) DTwb (�C) Zimp (mm) Fluid

1–16 10, 20, 30, 60 5, 7.5, 10, 15 3 43.7 50 HFE-7100

17–18 10 5, 10 4 43.7 50 HFE-7100

19–22 10, 30 5 3 43.7 30, 40 HFE-7100

23–26 10, 30 5 3 20, 70 30 HFE-7100

27–34 10, 20 5, 7.5, 10, 15 3 43.7 50 Acetone

35–38 30, 60 5, 10 3 43.7 50 Acetone
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2.2.1. Instantaneous wall heat flux considering a heat source

A methodology has been formulated to calculate the instanta-

neous wall heat flux from surface temperature measurements

and considering an imposed heat flux as an important boundary

condition. It has been previously shown that lateral heat conduc-

tion can be neglected (for more details see Moreira and Panão,

2006), therefore, the problem is considered unidirectional. The

experiments performed in this work consider the heat transfer

across a finite slab heated by a constant heat source, _q00
er, for which

the equation of energy is expressed by

@h

@t
¼ kw

b

� �2

� @
2h

@z2
þ kw

Lwb
2
_q00
er

hðz; tÞ ¼ ½Twðz; tÞ � TwðLw;0Þ�
b ¼

ffiffiffiffiffiffiffiffiffiffi

qkcp
p

� ð1Þ

where Tw is the wall temperature, z is the spatial coordinate perpen-

dicular to the wall, b is the thermocouple thermal effusivity, kw is

the wall thermal conductivity and Lw is the disc thickness. The fol-

lowing initial and boundary conditions are considered in the solu-

tion of Eq. (1)

hðz;0Þ ¼ hðLw;0Þ
|fflfflfflffl{zfflfflfflffl}

¼0

�
_q00
er

kw
ðLw � zÞ ð2Þ

_q00ð0; tÞ ¼ �kw
@hð0; tÞ

@z
ð3Þ

@hðLw; tÞ
@z

¼ �
_q00
er

kw
ð4Þ

The term hðLw;0Þ on the initial condition (2) is null, and the bound-

ary condition (4) for the imposed heat flux on the bottom surface

assumes at t = 0 a linear the temperature profile along the z-axis.

To solve the differential Eq. (1), Laplace transformations are applied

and the final general solution is given by

hðz; sÞ ¼ A � ez
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s=ðkw=bÞ2

p
þ B � e�z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s=ðkw=bÞ2

p
þ

_q00
er

s2
Lw � z

kw
þ kw

Lwb
2

� �

ð5Þ

From the Laplace transform of the initial condition (2) and bound-

ary conditions (3) and (4), the solution of (5) at the wall (z = 0) is gi-

ven by

hð0; sÞ ¼
_q00ð0; sÞ
b �

ffiffi
s

p coth n
ffiffi
s

p� �

þ
_q00
er

b � s3=2
1
ffiffi
s

p 1

n
� n

� �

þ 1

s
tanh

n

2

ffiffi
s

p� �

� csch n
ffiffi
s

p� �
� �

ð6aÞ

with n ¼ Lw �b
kw

.

The equation above should now be explicitly expressed for
_q00ð0; sÞ as

_q00ð0; sÞ ¼ b � s � hð0; sÞ
ffiffi
s

p tanh n
ffiffi
s

p� �
� _q00

er

1

s3=2
1

n
� n

� �

tanh n
ffiffi
s

p� �
�

þ 1

s2
1� sech n

ffiffi
s

p� �� �
� sech n

ffiffi
s

p� �
�

ð6bÞ

However, some of the terms in Eqs. (6a) and (6b) include trigono-

metric hyperbolic functions of the Laplacian variable
ffiffi
s

p
. However,

because
ffiffi
s

p
directly reflects the frequency of temperature variations

at the top surface according to Chen and Nguang (2003), for values

of the order of 0.5–1 kHz, such as in the present work, one can

approximate the solution for _q00ð0; sÞ as being bounded by
ffiffi
s

p
! 1. This has been verified using an example of a temperature

variation function (within a certain DT) where the variation fre-

quency (f) can be varied, hð0; tÞ ¼ DT sinð2pf � tÞ � n _q00
er=b, for which

the Laplace Transformation is applied to obtain hð0; sÞ. If the limits

in the trigonometric hyperbolic functions are determined when

ffiffi
s

p
! 1, the explicit form for the wall heat flux from (6b) can be

simplified into

_q00ð0; sÞ ¼ b � s � hð0; sÞ 1
ffiffi
s

p � _q00
er

1

s3=2
1

n
� n

� �

þ 1

s2

� �

ð7Þ

Using Laplace transformed function in the previous example,

hð0; sÞ, it is possible to assess when the relative difference between

Eqs. (6b) and (7) becomes below, for example, 1%, and it is ob-

served, for the range of variation frequency between 0.5 kHz and

1 kHz, that this is achieved at
ffiffi
s

p
¼ 4:5, therefore, above that value

the assumption
ffiffi
s

p
! 1 is valid and Eq. (6b) can be simplified into

(7). When the frequency of temperature variations is small, for

example, in the absence of spray impact, such that
ffiffi
s

p
! 0, the lim-

its of the ratios with exponential functions lead to _q00ð0; sÞ ¼ _q00
er,

thus showing the consistency of the derivation above.

The convolution theorem is used to find the analytical solution

of (7), which, after some mathematical manipulation, becomes

_q00ð0; tÞ ¼ bffiffiffi
p

p
R t

0
@hð0;sÞ

@s � 1ffiffiffiffiffiffi
t�s

p ds� _q00
er t þ 2

n

ffiffiffi
t
p

q	 


n ¼ Lwb
kw

8

<

:
ð8Þ

It is noteworthy that the solution above for the case _q00
er ¼ 0, re-

duces to that already derived by Reichelt et al. (2002) for semi-infi-

nite slab in the absence of heat sources. Eq. (8) shows that the

effect of _q00
er over _q00ð0; tÞ increases for thin wall thicknesses

(Lw ? 0) and as heat transfer unfolds in time. Furthermore, the

numerical implementation of Eq. (8), in order to obtain the instan-

taneous surface heat transfer from the measured temperature data,

follows the approach developed in Schultz and Jones (1973) allow

obtaining the following final expression

_q00ð0; tnÞ ¼ 2btnffiffiffiffiffiffi
p�dt

p
Pn

i¼1

hð0;tiÞ�hð0;ti�1Þffiffiffiffiffiffi
n�i

p
þ

ffiffiffiffiffiffiffiffiffiffi
n�iþ1

p � _q00
er tn þ 2

ntn

ffiffiffi
tn
p

q	 


ntn ¼
Lwbtn
kw

8

><

>:

ð9Þ

where ti = i dt and dt is the sampling time, or else the inverse of the

sampling rate. It should be emphasized that the solution and imple-

mentation in Eq. (9) are only valid for a constant imposed wall heat

flux ( _q00
er ¼ const).

2.2.2. Entropy generated flux

The analysis based on the second-law of thermodynamics is

aimed at the evaluation of the exergy efficiency, which requires

the knowledge of the entropy generation flux through heat and

fluid flow in the spray cooling event.

The conservation of the mass flux (m00 in kg m�2) and balances

of specific energy (u in J kg�1) and entropy flux (S00 in J m�2 K�1)

rates applied to the open system illustrating the spray cooling

event, as depicted in Fig. 2, are expressed as

Dm00

Dt
¼ _m00

in � _m00
s � _m00

vap ð10Þ

q
Du

Dt
¼ �r � _q00 � pðr � vÞ ð11Þ

DS00

Dt
¼ _m00

in � sin � _m00
s � ss � _m00

vap � sV þ
_q00
w

Tw

þ _S00gen ð12Þ

The term on the left hand side of Eq. (10), Dm
00

Dt
, is the mass flux which

may accumulate on the surface and form a liquid film; and if we as-

sume that the temperature of impinging drops, as well as the tem-

perature of secondary drops are equal to the fluid temperature in

ambient conditions, the specific entropies sin and ss are equal and,

henceforth, referred as sL. The terms on the right hand side of the

energy conservation Eq. (11) are, respectively, the heat transferred

by the spray cooling event, the work exerted by pressure forces

on spray impaction, and it should be noted that the term associated

with viscosity (l �U) is neglected in this work. In Eq. (12) relatively
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to the entropy balance on the spray cooling event, in its right hand

side, the first three terms are associated with the entropy of incom-

ing and outgoing mass fluxes, followed by a term associated with

the entropy generated by the cooling event ( _q00
w) at the wall temper-

ature (Tw) which is a function of time and, henceforth, refers to the

top surface at z = 0, and finally, the last term is the one we wish to

estimate, the entropy generated flux ( _S00gen).

The fact that all experiments were performed at atmospheric

pressure means the spray cooling event in the present analysis is

an isobaric process, therefore, using the material derivative in the

canonical relation for the internal energy du ¼ Tds� pdð1=qÞ one
obtains

q
Ds

Dt
¼ q

T

Du

Dt
� p

qT
Dq
Dt

ð13Þ

and after applying it to Eq. (11), the term associated with pressure

forces is eliminated by the continuity equation, and further assum-

ing a unidirectional heat conduction, the expression in (11) is sim-

plified to

Ds

Dt
¼ � 1

qT
@ _q00

@z
ð14Þ

Considering at the liquid–gas interface that the convective heat flux

is _q00
c ¼ _q00

w þ @ _q00

@z
dz, and that _q00

c � _q00
w, then the heat flux gradient in

Eq. (14) could be approximated by

@ _q00

@z
� �

_q00
w

hf

ð15Þ

where dz is approximated by the dynamic film thickness hf, and Eq.

(14) simplifies into

q
Ds

Dt
�

_q00
w

T � hf

ð16Þ

with q as the density of the liquid–vapor mixture, given by

q = vqV + (1 � v)qL and v is the evaporated mass fraction. The tem-

perature T is the mean temperature of an eventually formed liquid

film, assumed as an average between the vapor temperature (Tvap =

(Tw+Tb)/2) and that of the impinging droplets (Tf) as TLF ¼
0:5ðTvap þ T f Þ .

In order to resolve the left hand side of Eq. (16), one takes the

volumetric entropy in the control volume expressed as S000 ¼ q � s,
applies to it the material derivative (D/Dt) and resolves in order

of qDs/Dt, considering negligible the variation of qV with time

and that qL ¼ h
�1
f Dm00=Dt, results in

q
Ds

Dt
¼ DS000

Dt
� ð1� vÞ � s

hf

Dm00

Dt
ð17Þ

where the volumetric entropy is S000 ¼ S00=hf and s = vsV + (1 � v)sL is
the specific entropy of the two-phase flow inside a liquid film under

the nucleate boiling regime. Therefore, conjugating (16) with (17),

results in a simplified version of (11) in the form

DS00

Dt
¼ ðv� v2ÞsL þ ð1� vÞ2sV

h iDm00

Dt
þ

_q00
w

TLF

ð18Þ

where it is recalled that v is the mass fraction of evaporated liquid,

sL and sV are the specific entropies of liquid and vapor, respectively,

Dm00=Dt is the mass flux deposited on the wall and TLF is the temper-

ature of an eventually formed liquid film.

If Eqs. (10) and (18) are introduced in (12), additionally with the

simplification for the evaporated mass flux as a fraction (v) of the
difference between the mass fluxes of incoming impinging drops

and outgoing secondary droplets as _m00
vap ¼ vð _m00

in � _m00
s Þ, after some

mathematical manipulation an expression is derived to estimate

the entropy generated flux in Wm�2 K�1 as

_S00genðvÞ ¼ ½uLðvÞsL þuV ðvÞsV �D _m00 þ _q00
w

1

TLF

� 1

Tw

� �

uLðvÞ ¼ vð3v� v2 � 3Þ
uV ðvÞ ¼ vðv2 � 2ðv� 1ÞÞ
D _m00 ¼ _m00

in � _m00
s

8

><

>:

ð19Þ

2.2.3. Irreversibility mechanisms in spray cooling

The application of the second-law of thermodynamics to spray

cooling is only useful if it leads to a better understanding of the

reasons underlying exergy losses and how to optimize the cooling

process. In this sense, it should be emphasized that the formalism

of the local entropy generated flux contains two irreversibility

mechanisms associated with

(i) The evaporated mass flux: _S00gen;D _m00 ðvÞ ¼ ½uLðvÞsLþ
uV ðvÞsV �D _m00.

(ii) The wall heat flux removed by the impinging spray:
_S00gen; _q00w ¼ _q00

w
1
TLF

� 1
Tw

	 


.

If the entropy generation minimization (EGM) method is applied to

these irreversibility production mechanisms, it is possible to find

thermodynamic optima suggesting the condition which leads the

process to work with the best performance (Bejan, 1996).

Relatively to the entropy generated by the evaporated mass

flux, the optimal parameter is the fraction of evaporated mass v.
The optimal value is found by taking the derivative of Eq. (19) with

respect to v, setting it equal to zero, and solving for the evaporated

mass fraction, thus resulting in

vopt ¼
3sL � 2sV �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3sLsV � 2s2V

q

3ðsL � sV Þ
ð20Þ

which requires a positive term inside the square root, such that

sL P 2
3
sV . The equality in the former expression sets the lower limit

optimal value, vopt = 0. The upper-limit of the inequality is sL ? sV,

which could only occur near the critical temperature of the cooling

liquid and implies that only half of impinging mass is vaporized

(vopt = 0.5). This analysis indicates that exergy losses should be

minimum if the cooling liquid vaporization is minimized, favoring

the presence of a liquid film on the surface, as in some continuous

spray cooling concepts (see Pautsch and Shedd, 2005; Shedd and

Pautsch, 2005).

The application of the EGM method to the second irreversibility

production mechanism associated with the wall heat flux (which

should be as high as possible), leads the search for optimal param-

eters in the temperatures involved. The derivative of Eq. (19) pro-

duces only a solution for the optimization of the wall temperature

Fig. 2. This scheme illustrates intermittent spray cooling as an open thermody-

namic system.
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as Tw,opt = Tb + 2Tf, which can be interpreted with respect to the

superheating degree (DTwb;opt ¼ Tw;opt � Tb) as

DTwb;opt ¼ 2T f ð21Þ

This simple criterion based on the least production of irreversi-

bilities in the system is technically interesting for choosing the

most adequate fluid in the optimal design of a certain spray cooling

application. It should be stressed that the optimal wall tempera-

ture corresponds to the working temperature of the heat dissipat-

ing surface, which the spray cooling system is required to maintain

at a constant value. An example of the application of this criterion

is to consider a cooling system requiring the maintenance of the

surface temperature of a microprocessor at 80 �C using a dielectric

fluid. If HFE-7000 is used, the cooling liquid boiling temperature

(Tb) is 34 �C, and according to the criterion in Eq. (21), the fluid

temperature should be at 23 �C, which is value close to typical

working environments. However, if HFE-7100 is used instead, the

fluid temperature (Tf) should be at 9.5 �C, which is inadequate be-

cause it demands a high sub-cooling degree of the liquid injected.

In the present work, most experiments summarized in Table 2

were performed with a superheating degree DTwb of 43.7 �C, there-

fore, according to the criterion in Eq. (21), the fluid temperature

should be �22 �C to ensure the minimum production of irreversi-

bilities, which is the value reported in the experimental setup (Sec-

tion 2.1). As will be shown later when analyzing the preliminary

parametric studies on the effect of DTwb relatively to the exergy

efficiency, the best performance is actually obtained when this cri-

terion is fulfilled (Section 3.4, Fig. 13).

The interpretations above based on the application of the EGM

method apparently pose to the designer a certain paradox. While it

is suggested that the best spray cooling performance is obtained in

the presence of a liquid film, which is known to inhibit liquid evap-

oration by mitigating (not suppressing) phase-change, it is also

important to maximize the wall heat flux, through the promotion

of phase-change and, paradoxically, avoid the formation of a liquid

film. For this reason, the relative importance between both irre-

versibility production mechanisms should be carefully evaluated

and, consequently, it is more useful to express the entropy gener-

ated flux as

_S00gen ¼ ð1þ /Þ _S00gen; _q00w

/ ¼
_S00gen;D _m00

_S00gen; _q00w

ð22Þ

where / is the irreversibility distribution ratio.

Since v is an arbitrary quantity between 0 and 1, for the pur-

pose of analysis, the entropy generated flux is integrated over this

range, which means that irreversibilities produced by mass flux

differences are given by

_S00gen;D _m00v ¼
Z 1

0

_S00gen;D _m00dv ¼ 12�1ð7sL � 9sV Þ � D _m00 ð23Þ

2.2.4. Exergy efficiency for evaluating intermittent spray cooling local

performance

It is well known that energy conserves itself, while exergy can

be destroyed. The destruction of exergy implies the destruction

of the energetic potential for spray cooling due to thermodynamic

irreversibilities. In the former section, these irreversibilities have

been identified with the evaporation of mass and the wall heat

flux. In this section, the local exergy efficiency is formulated to

evaluate the system’s performance in destroying as little available

cooling potential as possible, i.e. the exergetic efficiency usefulness

is to assess which working conditions ensure the best possible
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duration of 10 ms. The several periods of the spray dynamic behavior are also indicated.
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quality of the system’s cooling potential. In this context, it should

be noted that the analysis based on the second-law of thermody-

namics is solely focused on the impingement control volume be-

tween the solid–liquid and liquid–gas interfaces, excluding other

elements of the experimental setup, such as the exergy associated

with the opening and closing of the injector.

The balance of exergy in the control volume depicted in Fig. 2

and used in the previous section is written as

DEx00

Dt
¼ 1� T0

Tw

� �

_q00
w þ _m00

inexin � _m00
s exs � _m00

vapexV � T0
_S00gen ð24Þ

with Ex00 as the exergy flux, T0 is the reference temperature consid-

ered here as the fluid temperature Tf and ex is the specific exergy,

where an equal value is assumed between impinging and secondary

droplets, exin = exs = exL. The first two terms on the right hand side of

Eq. (24) correspond to the inlet exergy flux, and the two that follow

to the outlet exergy allowing to re-write Eq. (24) as DEx00

Dt
¼

E _x00in � E _x00out � T0
_S00gen from which the exergy efficiency can be

deduced as

gP ¼ 1�
DEx00

Dt
þ T0

_S00gen
E _x00in

ð25Þ

All the elements in Eq. (25) can be obtained from experimental evi-

dence and more details on how each element is calculated can be

found in Appendix A.

3. Results and discussion

Intermittent spray cooling depends intrinsically on the dynamic

behavior of the impinging spray, which is first analyzed in this sec-

tion. Following, the thermal response of the cooling system is eval-

uated taking into account the parameters defining the spray

intermittency. Afterwards, the local performance of intermittent

spray cooling is analyzed based on the energy and exergy efficien-

cies. And finally, a preliminary study is made on the influence of

other parameters affecting the system’s cooling performance, such

as superheating degree, impingement distance and pressure of

injection.

3.1. Spray intermittent behavior

To exemplify the spray dynamic behavior, simultaneous mea-

surements of droplet size, velocity, phase-average surface temper-

ature and wall heat flux are depicted in Fig. 3 considering a total of

200 series of 40 injections each, for a spray injecting at 20 Hz with

pulse duration of 10 ms. The correlation between the dynamic

behavior of the spray and the surface thermal behavior is evident

in the plots, which is why synchronized measurements of the

droplets characteristics and surface cooling are necessary if the

two are to be accurately correlated (Loureiro et al., 2004; Moreira

et al., 2007). In Panão and Moreira (2006), the spray dynamic

behavior was correlated with heat transfer in three time-depen-

dent regimes (Fig. 3).

The first regime occurs during the leading front of the spray per-

iod (LFS). It lasts for 0.75–1 ms after the first droplets hit the sur-

face and is characterized by intense size and velocity gradients of

droplets impinging on the wall, producing a similar gradient of

the wall heat flux. In this regime, heat transfer depends mainly

on the number flux of droplets, a result equally observed by Yao

and Choi (1987), Estes and Mudawar (1995) and Pautsch and

Shedd (2005) for continuous sprays.

The second time-dependent regime occurs during the steady

spray period (SS). It is characterized by a quasi-steady behavior of

the spray, as well as in the heat flux removal and lasts until the

end of injection. Previous work has shown that heat transfer in this

period is mainly governed by variations of the mean droplet size

(Panão and Moreira, 2005).

Fig. 4. PDF’s for the several frequencies of injection (finj [Hz]) and pulse durations (Dtinj [ms]) with HFE-7100: (a) size of impinging droplets; (b) size of secondary droplets; (c)

axial velocity of impinging droplets; (d) axial velocity of secondary droplets.
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The third and final time-dependent regime is the spray tail per-

iod (ST) during which droplet velocity and heat transfer decrease

monotonically. Previous work (Panão and Moreira, 2006) has

shown that heat transfer in this regime is correlated with the axial

velocity of impinging droplets (see also Arcoumanis and Chang,

1993).

The question which now arises is whether the spray character-

istics are affected or not by the injection frequency or pulse dura-

tion and the answer is no. In terms of the size and axial velocity

distributions of impinging and secondary droplets, shown in

Fig. 4, neither the injection frequency nor pulse duration produce

significant changes in the bimodal shape of the PDF represented

by the gray average line. The reason for being bimodal is due to

the re-entrainment of secondary droplets in the time interval be-

tween the end of injection and the start of next injection cycle. This

re-entrainment is induced by the vortical structures formed after

impact, which drag these smaller and more responsive droplets,

leading to their eventual re-impact on the surface in the period be-

tween the closing of the injector pintle and the start of the next

injection event (Panão and Moreira, 2004). The discrete probability

distribution different from the remaining correspond to an injec-

tion frequency of 60 Hz and a 15 ms pulse duration, meaning the

injection of cooling liquid for 90% of the cycle time, which is close

to the working condition of a continuous spray (injecting for 100%

of the cycle time), therefore, this case can reasonably represent

how an ISC system would work in a continuous spray cooling

mode.

It should be noted that secondary droplets are mainly produced

by hydrodynamic impact mechanisms (rebound and splash). How-

ever, when the spray impact occurs on heated surfaces, and a thin/

short-duration liquid film eventually forms by the interaction be-

tween consecutive injection cycles, an additional secondary atom-

ization mechanism emerges by thermal induced heat transfer

effects consisting in the disruption of bubbles at the liquid–air

interface (Moita and Moreira, 2007). This is evidenced in the

images of Fig. 5 where more secondary droplets are observed when

the DC increases up to 90%. In this way, Fig. 5 depicts the result of a

greater interaction observed between consecutive injections, i.e.

the reduction of the time lag between consecutive injection events,

eventually leading to the formation of a thin liquid film.

The fact that in this ISC system, the impinging spray remains

relatively the same for the cases 1–16 listed in Table 2, as depicted

in Fig. 4, allows concluding that any variations of the surface tem-

perature is due to the heat transfer occurring at the impaction site

and not caused by any changes in the spray dynamics prior to its

impact (exemplified in Fig. 6 for several duty cycles keeping the

pulse duration at 5 ms). Further information on the mass flux of

impinging and secondary droplets measured by the phase-Doppler

diagnostic system is systematized in Table 3. This data will be later

used in the calculation of energy and exergy efficiencies.

3.2. Thermal response during intermittent spray cooling

Spray cooling systems seek the best thermal response possible.

However, in intermittent spray cooling there is an additional

potentiality of control. This is one of the main advantages of this

technological concept, i.e. provide a system with a reliable control

over the thermal responsiveness by proper matching the frequency

with the duration of injection. The relation between these two

parameters can be expressed by the ‘‘duty cycle” (DC), defined as

a percentage of the cycle time (1/finj) during which the cooling li-

quid is injected (Dtinj): DC = Dtinj finj � 100%. There are two obvious

ways of changing DC, either by increasing the frequency and keep-

ing the pulse duration constant (as in Majaron et al., 2002), or vice-

versa.

Fig. 5. These images correspond to experiments using HFE-7100 at 18 ms after the

impact moment of the last in a series of 40 injections cycles. The frequency of

injection is maintained at 60 Hz and the duty cycle is change by a proper match of

the pulse duration.
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In this section, the relation between DC and the systems ther-

mal responsiveness is investigated. The results presented in this

analysis correspond to the cooling liquid HFE-7100, and the ther-

mal response is here evaluated by the decay of the initial temper-

ature of each injection along a number of consecutive cycles (#40).

Fig. 7 shows the temperature decays of the initial temperature of

each injection cycle, averaged over 1 ms before the electronic start

of injection. In each plot, the pulse duration is fixed and the injec-

tion frequency increases from 10 Hz to 60 Hz. The DC value in each

case is also indicated.

As DC increases, the results show an improvement of the sys-

tem’s thermal response, as well as a larger cooling power, indicated

by the increasingly larger difference between the surface tempera-

ture before the first and the last injection cycles. This suggests the

system’s ability of changing its cooling potential just by adequately

adjusting the DC, e.g. a larger DC implies a faster and more power-

ful cooling of the surface, although limited to the system’s cooling

at DC = 100%.

It should be noted that the same DC, for example of 15%, can be

obtained with three different matches of pulse duration and injec-

tion frequency: (i) a 5 ms pulse with 30 Hz; (ii) a 7.5 ms pulse with

20 Hz; (iii) or else, a 15 ms pulse duration with 10 Hz. For the

working conditions used in these experiments, Fig. 8 shows similar

temperature decays with equal DC values, indicating the duty cycle

as the determining parameter in intermittent spray cooling.

In order to evaluate the system’s thermal response as a function

of DC, a timescale is defined as the ratio between the time interval

that each condition took to reach the lowest temperature decay

(DTNinj
) obtained from all the experiments (e.g. ðminDTNinj

Þ ¼
3:34 	C with HFE-7100, at 10 Hz and DC = 5%), and the correspond-

ing time interval for that condition (dt of ðminDTNinj
Þ ¼ 3:9 s with

HFE-7100):

s�thr ¼
dt at minðDTNinj

Þ
dt of minðDTNinj

Þ ð26Þ

The results depicted in Fig. 9 show the non-linear correlation be-

tween the relative thermal response timescale as DC increases

and approaches the condition equivalent to a continuous spray

(DC = 100%).

The practical significance of these results is the clear advantage

of intermittent spray cooling to control the timescale of the sys-

tem’s thermal response by properly adjusting its duty cycle. This

opens spray cooling technology to the potential use of intelligent

control strategies in the future, e.g. neural networks, as highly

sophisticated ways of accurately control the cooling process. In

the following section, the effect of varying DC in the system’s per-

formance is evaluated by the energy and exergy efficiencies.

Table 3

Mass fluxes for impinging and secondary droplets measured by the phase-Doppler

system.

Tw (t = 0) finj DC zimp pinj _m00
in � 104 _m00

out � 104

(�C) (Hz) (%) (mm) (bar) (kg s�1 cm�2) (kg s�1 cm�2)

HFE-7100

81 10 5 30 3 0.39837 0.02237

104.7 0.23572 0.02393

131 0.30946 0.03730

81 30 15 0.82970 0.08871

104.7 0.77722 0.05975

131 1.17771 0.09034

104.7 10 5 40 3 0.24891 0.10580

30 0.76479 0.22240

10 5 50 4 0.13779 0.01334

10 0.36930 0.03481

10 5 50 3 0.09824 0.01468

7.5 0.19505 0.07519

10 0.26653 0.09052

15 0.45806 0.18825

20 10 0.30109 0.18059

15 0.53875 0.22029

20 0.53207 0.32063

30 1.07151 0.56424

30 15 0.88293 0.20083

22.5 0.43785 0.05996

30 1.15404 0.45911

45 0.81957 0.17924

60 30 0.94714 0.27453

45 0.86741 0.35550

60 1.19786 0.50303

90 0.74256 0.08935

Acetone

100 10 5 30 3 0.02975 n.a.

30 15 0.03815 n.a.

10 5 40 0.03687 n.a

30 15 0.12150 n.a.

10 5 50 4 0.08466 0.00199

10 0.09281 n.a

20 10 0.10877 n.a.

10 5 3 0.11836 0.00444

7.5 0.06361 n.a.

10 0.22512 0.01608

15 0.10297 n.a.

20 10 0.19306 0.01107

15 0.24264 0.00367

20 0.27176 0.00099

30 0.31439 n.a.

30 15 0.25674 0.01086

30 0.16495 n.a.

60 30 0.53673 0.03658

60 0.25214 n.a.

Note: n.a. is a non available value considered zero in the calculations, meaning a

negligible mass flux of secondary droplets.
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Fig. 7. Surface temperature decays along the series of consecutive injection cycles at different duty cycles (DC) values keeping the pulse duration constant.
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3.3. Evaluation of intermittent spray cooling local performance

The local cooling performance of an intermittent spray impact is

evaluated for each experimental condition by a joint analysis of the

energy and exergy efficiencies. The energy efficiency is determined

by

gI ¼
_q00
w

G � ðcpDTbf þ hfgÞ
G ¼ NinjDm

00=Dt

_q00
w ¼ 1

TðNinjÞ
R TðNinjÞ
0

_q00
wðtÞdt

( ð27Þ

where Ninj is the number of injection cycles in each series, G is the

mass flux deposited on the heated surface expected to vaporize

completely and _q00
w is the average wall heat flux. If we depict the en-

ergy efficiency and the time-average wall heat flux as a function of

DC (Fig. 10), the results show that intermittent spray cooling is

more efficient and extracts more heat with lower duty cycles. Also,

the trend observed is a decrease of the system’s efficiency as DC in-

creases toward 100%, i.e. to the system injecting continuously. An

important outcome of these results is the evidence that an intermit-

tent spray can perform better than a continuous spray.

Even though with smaller DCs an intermittent spray cooling

performs better than a continuous spray, this should be analyzed

jointly with the quality of this cooling potential, which is given

by the exergy efficiency calculated through Eq. (25), based on the

time-averaged entropy generated flux, _S00gen ¼ 1
T

R T

0
_S00genðtÞdt, assum-

ing a quasi-static condition in each ot, i.e. an equilibrium state, and

the average wall heat flux in Eq. (27). For the dielectric fluid (HFE-

7100), the evolution of the energy efficiency with DC, observed in

Fig. 10, is followed by a decrease in the quality of the cooling po-

tential toward the working mode of a continuous spray

(DC = 100%), as depicted in Fig. 11. However, this is quite different

if acetone is used instead (open symbols). The reason for this dif-

ference can be further explored by analyzing the irreversibility dis-

tribution ratio defined in (22), /, which expresses the relative

importance between the irreversibilities produced by the evapo-

rated mass of cooling liquid and those produced by the heat flux

extracted from the wall (Fig. 12).

The irreversibility distribution ratio / in the experiments with

HFE-7100 and duty cycles below 25%, inform us of a clear domi-

nance of the irreversibility produced by the wall heat flux, which

is apparently correlated with high exergy efficiency values. How-

ever, once / > 1, it means the evaporation of mass becomes the

dominant irreversibility production mechanism and this is corre-

lated with a decrease in the quality of cooling potential, as ob-

served in the evolution of gII for DC > 25%. It is noteworthy that

within this region, the results obtained for equal duty cycles sug-

gest that maximizing the exergy efficiency implies the use of low

injection frequencies and longer pulse durations.
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Fig. 10. Time-average wall heat flux (top) and energy efficiency (bottom) as

function of the duty cycle (DC) for HFE-7100 and acetone.
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The joint analysis of energy and exergy efficiencies shows that

HFE-7100 and acetone have similar behaviors in the energy effi-

ciency as function of DC, but acetone is able to keep a minimum

destruction of exergy compared with HFE-7100. It is here that

the irreversibility distribution ratio could be useful to interpret

these differences between fluids. In light of Fig. 12, the value of /

obtained for acetone remains below 1, regardless of DC, suggesting

that irreversibilities produced by mass evaporation are less impor-

tant than those produced by the wall heat flux. If this is associated

with an effect of the latent heat of evaporation, it would explain

why phase-change still being promoted in the case of acetone,

while mitigated in the case of HFE-7100. In fact, an additional

key point when the cooling liquid changes from HFE-7100 to ace-

tone, is the latent heat of evaporation, which increases substan-

tially in the later. The fact that irreversibilities produced by the

wall heat flux are more important in acetone experiments, com-

pared with HFE-7100, could be associated with this difference in

the latent heat of evaporation. What is noteworthy in this compar-

ison is that promoting phase-change implies the highest possible

quality of the cooling potential and suggests the importance of

the latent heat of evaporation in the design of an ISC system.

The results depicted in Figs. 9–11 should also be interpreted in

light of the heat transfer mechanisms enabling the cooling process.

The identification of these has been previously reported for inter-

mittent spray cooling experiments in Moreira and Panão (2006).

At lower injection frequencies, phase-change was already identi-

fied as the dominant heat transfer mechanism. However, by

decreasing the time interval between consecutive injections, a

greater interaction between injection events result in the forma-

tion of a liquid film (see Fig. 5). Consequently, the cooling system

begins extracting heat through in a different mechanism and, in-

stead of promoting phase-change, high heat flux extraction is dom-

inated by a thin film boiling based mechanism, as described by

Kopchikov et al. (1969) and identified in previous experiments

considering the whole impact area (Moreira and Panão, 2006).

What justifies the high heat fluxes in this mechanism is described

by Pais et al. (1992) as the piercing of cooler liquid droplets upon

the film, eventually reaching the surface and enhancing the cooling

process. In such mechanism, visualized in Fig. 5 for an injection fre-

quency of 60 Hz, heat is conducted through the film instead of

being used to vaporize it, which mitigates phase-change, but not

suppresses it and, consequently, leads to a decrease in the spray

cooling efficiency.

It is worth summarizing at this point that, while with low injec-

tion frequencies and short duty cycles, the heat transfer is mainly

dominated by phase-change, if a faster thermal response is re-

quired from the system, larger duty cycles should be used,

although at the cost of the system’s energetic efficiency. The

changes in the system’s efficiency as DC approaches the continuous

spray working condition (DC = 100%) could be attributed to a

switching between heat transfer mechanisms, i.e. from one based

on phase-change to another based on thin film boiling. Further-

more, the comparison between the dielectric fluid (HFE-7100)

and acetone also suggests that a higher latent heat of evaporation

is important to keep the destruction of exergy minimal and main-

tain the quality of the cooling potential. Ultimately, is should be re-

marked that the benefit retrieved from the combination of two

heat transfer mechanisms in a ISC system – phase-change using

the spray intermittency and thin film boiling as in continuous

spray cooling (DC? 100%) – is to confer adaptability and versatil-

ity to the cooling system, additionally with the possibility of a real-

time active control of the cooling process. So far, the analysis has

focus on the influence of the duty cycle on heat transfer, however,

as mentioned in the introduction, other parameters are relevant in

the spray cooling process. The next section addresses a preliminary

parametric study of that relevance.
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3.4. Effect of superheating degree, impingement distance and pressure

of injection

A series of experiments were devised to perform a preliminary

study on the influence of the superheating degree (DTwb = Tw–Tb),

the impingement distance and the pressure of injection in the

ISC system’s performance. According to Panão and Moreira

(2005), local boiling curves (which express the transition between

heat transfer regimes according to the classical boiling theory) in

impinging intermittent sprays can vary locally with the injection

frequency. Therefore, while the results for the exergy efficiency

gp at finj = 10 Hz, depicted on the top plot of Fig. 13, show a system

working close to its critical heat flux (CHF), when the injection fre-

quency increases to 30 Hz, the regime changes and the working

condition is clearly in a nucleate boiling regime ð0 6 DTwb 6

DTCHF
wb Þ. Since the pulse duration is kept constant, the highest

frequency also represents a larger duty cycle, and, consequently,

a higher overall cooling mass flux and the likely formation of

a thin liquid film. The alteration of the surface condition at spray

impact could be the reason for altering the heat transfer regime,

enabling the removal of more heat, although with a lower

performance. However, this point should be further investigated

in future work. Moreover, following the superheating degree crite-

rion in Eq. (21), it is noteworthy that any deviations from

DTwb = 43.7 �C, for which Tf = 22 �C minimizes the irreversibilities

produced by the heat flux extracted by the spray from the wall,

have a negative impact on the exergy efficiency, independently

of the heat transfer regime. This emphasizes the importance of

using this criterion in the technical design of spray cooling

systems.

The effect of the impingement distance on the exergy efficiency

is negligible when the time lag between consecutive injections is

sufficiently large (10 Hz). But as this time lag decreases (30 Hz),

slight improvements are observed in exergy losses as the imping-

ing spray approaches the wall.

The results for an increase of the injection pressure generally

represent a loss in the exergy efficiency (bottom of Fig. 13), partic-

ularly accentuated with longer injection pulses (10 ms) and apart

from the differences observed relatively to the time-average wall

heat flux in both cases. A possible interpretation for this result is

to associate the destruction of exergy with the spray impact

momentum, proportional to the increase of the injection pressure.

In Panão and Moreira (2005), the effect of increasing the injection

pressure (spray impact momentum) was to locally decrease the

wall heat flux. Considering that this effect is less important with

short pulses (5 ms), the fact that less heat is extracted in the

10 ms case could imply that irreversibilities produced by the evap-

oration of mass become more important. To confirm this hypothe-

sis we analyzed the irreversibility distribution ratio (/) in both

cases. The /-value with a 5 ms injection pulse increases from 0.5

to 0.7, when the pressure increases from 3 to 4 bar, respectively,

and in the case of the 10 ms injection pulse, / is doubled from

0.67 to 1.4. This means that increasing the injection pressure leads

to a greater dominance of the irreversibility production mecha-

nism associated with the evaporation of mass and justifies the low-

er exergy efficiency.

In summary, the overall outcome of this preliminary parametric

study is that a better performance of an ISC system may depend

on: (i) working at superheating degrees established according to

DTwb;opt ¼ 2T f ; (ii) shorter impingement distances and; (iii) using

lower injection pressures as long as a spray is produced. However,

more experimental conditions are required in future work to im-

prove our understanding of the influence exerted by each of these

parameters toward the application of this new thermal manage-

ment concept in micro-cooling applications.

3.5. Comparison between the ISC technological concept and other

spray cooling concepts based on continuous sprays

One of the noteworthy remarks derived from the analysis in

Section 3.3 is that an increase of the volumetric flux of impinging

droplets (here proportional to the duty cycle) jeopardizes the evap-

oration efficiency, which is consistent with the results reported by

other authors for continuous sprays, e.g. in Estes and Mudawar

(1995), Chen et al. (2004) or Rybicki and Mudawar (2006). How-

ever, according to the analysis based on the second-law of thermo-

dynamics performed in this work, lower energetic efficiencies does

not necessarily mean lower quality in that energy transfer (see our

analysis on the results for acetone in Section 3.3), therefore, this

confirms the importance of taking into account the information

provided by an exergy analysis for a more accurate interpretation

of the spray cooling performance.

In this section, a comparison is made between this new concept

and experiments with continuous sprays. The results with contin-

uous sprays considered were obtained by Estes and Mudawar

(1995) and Pautsch and Shedd (2005) with FC-72, and are com-

pared with the HFE-7100 experiments, since these are similar flu-

ids from the same manufacturer and have the same applicability

domain. The expression for the energy efficiency in this compari-

son does not consider the term associated with the sensible heat

in order to match the energy efficiency definition used by the other

authors, and the mass flux considers only incoming drops imping-

ing on the wall, thus g0
I ¼ _q00

w=ðGin � hfgÞ .
A preliminary step in this comparison is to correlate the energy

efficiency in the experiments reported here, with the mass flux

impinging on the wall. These results are summarized in Fig. 14,

including the correlation obtained.

The following step is to estimate the mass flux that would be

used in the ISC technological concept to match the energetic effi-

ciency reported in the cases used for comparison. Finally, the com-

parison is made between the energy efficiency and the liquid

saving achieved by ISC (see Fig. 15). The results show that for effi-

ciencies between 10% and 45%, an ISC system may save 10–90% of

the liquid used for cooling, which confirms the promising potential

of using intermittent sprays as a new thermal management

technology.

0.0 0.1 0.2 0.3 0.4 0.5
0

5

10

15

20

25

G
in
 (

k
g
 m

-2
 s

-1
)

η
I
'

Fig. 14. Correlation between the energy efficiency and the mass flux os fluid

deposited on the surface for experiments with HFE-7100.

128 M.R.O. Panão, A.L.N. Moreira / International Journal of Heat and Fluid Flow 30 (2009) 117–130



4. Conclusions

In the work presented here, intermittent spray cooling is pro-

posed as a new technological concept for removing heat fluxes

with good performance, ensuring the best quality possible in its

cooling potential, and enabling the potential future application of

advanced control techniques in the development of thermal man-

agement systems. In intermittent spray cooling, the ‘‘duty cycle”

has been identified as the dominant parameter enabling the estab-

lishment of a practical interface between the physical cooling

event and advanced intelligent control strategies, such as neural

networks. An intermittent spray cooling system has the joint capa-

bility of removing heat by promoting phase-change at lower duty

cycles, and through a thin film boiling mechanism as the duty cycle

approaches the working condition of a continuous spray.

The results reported here allow the outline of general guidelines

for the design of a thermal management system based on intermit-

tent spray cooling:


 Use small duty cycles for a finer control of the surface

temperature.


 Use large duty cycles for fast thermal response.


 Follow the criterion DTwb;opt ¼ 2T f in the choice of the cooling

liquid.


 Use shorter impingement distances and low injection pressures.

A comparison is made between intermittent spray cooling and

continuous sprays. The results suggest the potential of saving

10–90% of the liquid used for cooling with efficiency values similar

to those reported for continuous sprays.
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Appendix A.1. Details on the calculation of the exergy efficiency

Taking the specific exergy for the liquid and vapor phases as

exL ¼ hL � hL;T0 � T0ðsL � sL;T0Þ
exV ¼ hV � hV ;T0 � T0ðsV � sV ;T0 Þ

�

ðA1Þ

while E _x00in in Eq. (25) is given by 1� T0
Tw

	 


_q00
w þ _m00

inexin,it is necessary

to deduce DEx00

Dt
for determining the exergy entropy gP. This deduc-

tion begins by considering the canonical relation for exergy as

dex = dh � T0ds in its material derivative form (D/Dt)

Dex

Dt
¼ Dh

Dt
� T0

Ds

Dt
ðA2Þ

If the volumetric exergy Ex000 is expressed as q � ex, its material

derivative in respect to the specific exergy becomes

q
Dex

Dt
¼ 1

hf

DEx00

Dt
� ð1� vÞex

hf

Dm00

Dt
ðA3Þ

using a similar mathematical procedure as when Eq. (17) was ob-

tained. Applying Eqs. (16) and (A3) in (A2), the exergy flux is ex-

pressed as

DEx00

Dt
¼ qhf

Dh

Dt
þ ð1� vÞexDm

00

Dt
� T0

TLF

_q00
w ðA4Þ

In Eq. (A4), expressing the relation dh = cpdT in its material deriva-

tive form as Dh
Dt

¼ cp DT
Dt
, and assuming that temperature gradients in-

side the liquid film are negligible, DT/Dt can be simplified to oT/ot.

Following this, considering the energy equation for heat conduction

inside the film, cp
@T
@t
¼ 1

q
@ _q00

@z
, plus Eq. (15) results in the simplification

the first term on the right hand side of Eq. (A4) which becomes

equal to the wall heat flux _q00
w. Taking ex as [vexV + (1-v)exL] in

Eq. (A4) and integrating over the arbitrary range of v, it simplifies

into

DEx00

Dt
¼ 1

12
ð3exV þ 5exLÞD _m00 þ ð1� T0

TLF

Þ _q00
w ðA5Þ
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