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Abstract

Spray cooling of a hot surface was investigated in the second of two papers to determine the effect of mass flux,

Weber number, and degree of subcooling on two different working fluids such as pure water and R-134a. Full cone

circular sprays were used to cool a circular surface of diameter 80mm with an initial temperature about 250/70 �C
for pure water/R-134a, respectively. Both the transient liquid crystal technique (only for R-134a) and thermocouple

wire temperature measurements were conducted. Cooling curves were obtained in a wide range of the above-mentioned

parameters.

� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

There has been an increased demand for new tech-

nique capable of removing high heat fluxes and such de-

mands will continue to increase in the future. Among

these techniques, spray cooling is one of the most nota-

ble methods to remove high heat fluxes. Applications ex-

ist in a wide range of industrial processes including rapid

cooling and quenching in metal foundries, emergency of

core cooling systems, cooling of microelectronics and ice

chiller in air-conditioning systems. Most relevant studies

[1,2] have been examined in Part I of this study. How-

ever, there seems only few papers to deal with the tran-

sient spray cooling. Most recently, Cui et al. [3]

experimentally studied the effect of dissolving salts in

water sprays used for quenching a hot surface. Both
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transient temperature distribution and surface heat flux

were calculated. It is found that some dissolving salts

would increase nucleate boiling heat transfer, but had

little effect on transition boiling. Bernardin et al. [4] re-

corded the impact behavior of water droplets on a hot

aluminum surface using a high speed photographic tech-

nique. It was found that droplet velocity and surface

temperature were two important parameters governing

the impact behavior and ensuring heat transfer.

Part I of this study addressed steady state boiling

experiments during the spray cooling. This study, Part

II, presents the results of liquid sprays of both water

and R-134a during transient cooling. Prior to spray

cooling, the test surface was initially heated to a con-

stant temperature of 240 �C and 60 �C for water and

R-134a, respectively. Cooling curves were obtained for

different spray mass flux, Weber number, degree of

superheat and degree of subcooling. The transient exper-

iments in this work would provide necessary informa-

tion and heat transfer characteristics through the film,
ed.
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Nomenclature

A area of test surface, m2

Cp specific heat for spray liquid, kJ/kg �C
d droplet mass median diameter, m

dj nozzle diameter, m

d32 Sauter mean diameter (SMD), m

h TLC detailed/or an average (for thermocou-

ple measurements) heat transfer coefficient,

W/m2 �C
�h TLC average heat transfer coefficient, W/

m2 �C
hfg enthalpy of evaporation, J/kg

_m spray mass flux, kg/m2s

k thermal conductivity, W/m �C

q heat flux, W/m2

qCHF critical heat flux, W/m2

qmax/min maximum/minimum heat flux, W/m2

u0 mean spray impingement velocity, m/s

We spray Weber number, qlu
2
0d32=r

x distance from nozzle to test surface

Greek symbols

DTsat wall superheat, �C
DTsub degree of subcooling, �C
q density of liquid, kg/m3

r surface tension of spray liquid, N/m
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transition and boiling regimes. The emphasis of this

work is primary transient experimental and the objec-

tives were to

(1) collect a certain amount of data for R-134a and

pure water in transient spray cooling,

(2) investigate the transient spray cooling characteris-

tics under relevant parameters and variables,

(3) obtain a detailed transient heat transfer data using

the transient liquid crystal (TLC) technique.
2. Experimental

For heat transfer measurements, TLC (only for R-

134a) and traditional thermocouple measurements were

both conducted. However, due to the transient nature,

the test surface was made from a very thin (0.5lm) Pt
sputtered circular surface as stated in Part I of this paper

to ensure isothermal conditions throughout the disk at

every instant during the experiments.

2.1. Heater design and temperature measurements

In addition to the heater design mentioned in Part I,

the disk surface was also measured by three type K ther-

mocouples with a diameter of 0.3mm bonded to the disk

underside in sequential manner along the center line as

shown in Fig. 1. High thermal conductivity paste (alu-

mina/silica, k = 8.4W/m �C) was applied to the thermo-
couples to warrant good contact between the copper

substrate and the thermocouple bead. Heat conduction

within the copper disk was high enough to give an al-

most uniform temperature profile along its centerline

(6 1 �C). The transient temperature data were recorded
every 20ms until the disk temperature fell below a cer-
tain temperature for pure water and R134a. It was pos-

sible to estimate the heat flux either using Fourier�s law
of heat conduction [5] or the sequential function specifi-

cation method to solve one-dimensional inverse problem

[3]. Both methods were used and compared for double

check. The present surface heat flux calculation was

found to within ±12%. The transient experiments using

the present heater designed can provide the heat transfer

characteristics throughout the film, transition, nucleate,

and forced convection and evaporation regions. The

critical as well as minimum heat flux (CHF and MHF)

can also be obtained. Relevant uncertainty estimates

were listed in Table 1.

2.2. Transient liquid crystal measurements

The experimental apparatus includes a flow circuit,

thermochromatic liquid crystal imaging test section,

and instruments, which is schematically shown in Fig.

2. A scanning electron microscope (SEM) image of the

Pt surface is depicted in Fig. 3(a) and (b). With different

magnification, the surface condition seen is different

even under a same power applied (=10.0kV). The crack

with island-like porous nano/micro structure was clearly

noted for ·100,000 photograph; while for ·60,000 more
larger islands without a crack were found. A Panasonic

CCD camera (model: AVC597NIF36) with a light

source directly facing the nozzle exit, and mounted on

a vertical stationary post was used with a maximum

speed of 3 frames/s in NTSC format to record the color

change of the liquid crystal coating as the liquid spray

impinged onto the test surface.

The time of color change of the liquid crystal driving

a transient test is measured by a Panasonic 1/400 color

CCD image senor and a computer vision system. The

test surface is airsprayed with black background paints

first and then liquid crystal (Hallcrest, BM/R18C5W/



Fig. 1. Heater design and configuration with thermocouple measurement position.

Table 1

Uncertainties of relevant parameters/variables

Parameters/variables Uncertainties

Radius of test surface, r ±0.63%

Heat surface area, A ±0.88%

Wall temperature, Tw R-134a ±0.16%

Water ±0.45%

DT R-134a ±0.48%

Water ±0.51%

Thermocouple distance, Dx ±12.5%

Heat flux, q R-134a ±12.9%

Water ±12.9%

Heat transfer coefficient, h R-134a ±13.1%

Water ±13.2%

Color change time (TLC), t ±4.2%

Main stream temperature, T1 ±3.6%

Heat transfer coefficient (TLC) ±5.5%
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C17-10) of thickness of the order of 0.2lm. Careful
attention was paid to avoid influences due to the charac-

teristic roughness of the TLC surface and black paint on

the results. Meanwhile, thermophysical properties effect

of the TLC were kept minimum and the uncertainty was

estimated < ± 3%. Besides, a CCD camera, a frame

grabber interface associated with Pentium III PC was

used to analyze the color changes using a commercial

image processing software (LCIA, Taiwan Pitot Co.)

The image processing system maps the test section into

512 · 492 pixels (NTSC) locations and monitors each

location individually for color change. Since the re-
flected light from liquid crystal is dependent on the spec-

tral intensity of the incident light and contains a peak

value whose wavelength inversely depends on the tem-

perature [6], the test chamber is shielded from room light

and room air currents using thick black felt curtain cov-

ered in such way that the test surface only receives inci-

dent light emitted from the light source mounted inside

the CCD.

The light source used for this series of tests is a stand-

ard 60mm Taiwan Concept cool white fluorescent lamp

(13W NB4210-60mm). The typical cool white fluores-

cent has a color temperature of 4100K and a spectral
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Fig. 2. Heating plate configuration for TLC measurement.
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distribution that is high in the yellow–green range. In

order to reduce the UV radiation damage to transient

liquid crystal, a spectrum EB-74 UV sleeve filter was

used to obtain 100% UV blockage. A lens with an ex-

tended view angle of 70� was implement with the present
CCD camera to minimize angle effects and to achieve

uniform illumination intensity throughout the domain

measured.

2.3. Analysis of liquid crystal thermography and exper-

imental procedure

The local heat transfer coefficient over the target wall

can be obtained by assuming one-dimensional transient

conduction over a semi-infinite solid wall with the initial

and boundary conditions on the liquid crystal coated

surfaces are

qsCps
oT
ot

¼ k
o2T
oz2

T ¼ T i at t ¼ 0 and zP 0

k
oT
oz

¼ hðT w � T1Þ at z ¼ 0

T ¼ T i as t ! 1

ð1Þ

This gives the dimensionless wall temperature response

as follows:
T w � T i

T1 � T i
¼ 1� exp

h2at

k2

� �
erfc

h
ffiffiffiffi
at

p

k

� �
ð2Þ

Once, for instance, Ti (up to 32 �C), T1 (	14 �C), and
the corresponding time (t) required to change the

coated-surface color to green are known, the heat trans-

fer coefficient h can be estimated from Eq. (2). The green

color of the liquid crystal shows the largest light inten-

sity, which is a reference point that conventionally uses.

Noting that in Eq. (2), the original T1 is a constant.

However, in the present study, T1 is time-dependent

and increases as the time (t) increases which can be sim-

ulated as a series of step functions. Applying the Duh-

amel�s superposition principle, Eq. (2) can be rewritten
in the following:

T w � T i ¼
XN
j¼1

"
1� exp

h2aðt � sjÞ
k2

� �


erfc hð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aðt � sjÞ

p
Þ

k

 !#
ðDT1Þ ð3Þ

where DT1 and sj are the temperature and time step

changes from the recorder readout. Since the time dura-

tion is too short to make the heat transport to the plex-

iglass plate, this assesses the assumption of the semi-

infinite solid wall as stated before.



Fig. 3. SEM photographs (·100,000 and ·60,000) of the Pt test
surface.
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During the tests, the liquid crystal initially is colorless

at chamber temperature (about 32 �C) and then it

changes to blue, green, red, and finally colorless again.

The total temperature change of the liquid crystal is

about 5 �C (23–18 �C) for the color changes. The time
for the color change is about 12–15s for the cases under

study. The color change temperatures to blue, green and

red are 22.6, 18.2, and 17.6 �C, respectively. The accu-
racy of the time period for a color change is within

±4.2% and the chamber temperature has an error of

about ±3.6% Once the test section including target sur-

face coated with liquid crystals has been setup, tests were

conducted by suddenly exposing the liquid to the test

surface. This results in a color change of the surface

coating. Before each test, the test section was kept at

the chamber ambient temperature (	32 �C). Positioned
with an angle 15� to the normal axis over the target walls
is a three-chip Sony CCD camera. This angle effect was

examined and found negligible under the present TLC

space resolution. Each image is captured as a three-
dimensioned matrix of red, green, and blue values. The

image size is 320 · 240 · 3 (ffi0.22MB). Image process-
ing begins with a captured image for the entire target

walls which is 320 · 240 pixels. During the experiments,
the image processing system records the time for the col-

or change to green for the entire surface. Finally, the

time and temperature are logged in a computer program

to obtain the local heat transfer coefficient.

Spray parameters used are the same in Part I of this

paper. The operating and test conditions can be also

found in Part I of the paper. The test surface was

cleaned prior to each measurement by washing it first

with acetone and, then cleaning it with distilled water.

It was heated to 70 �C (R-134a) and 250 �C (water) by

regulating the power to the heaters. Then the liquid sup-

ply pump was switched on. Once the nozzle pressure

reached a steady value, the power to the heaters was

turned off and remove the plastic plate shield simultane-

ously to allow liquid spray from the nozzle to quench the

test surface. It usually takes 0 	 470s, depending on

spray parameters, to cool the test surface from 70 �C
(R-134a)/250�C (water) to 15 �C (R-134a)/80 �C (water).

Temperatures measured by thermocouples were contin-

uously recorded by a data acquisition system. TLC

measurements were simultaneously conducted. In addi-

tion, boiling phenomena photographs at selected condi-

tions were taken as stated earlier.
3. Results and discussion

As one may know, the surface temperature of the test

surface is the most important parameter in quenching

and is used to define the four distinct heat transfer re-

gimes of the boiling curve: (1) film boiling (2) transition

boiling, (3) nucleate boiling, and (4) single phase liquid

cooling. The boiling curve has found in most boiling

studies as part I of this paper did. While, for quenching

studies, the temperature as well as surface heat flux vs.

time/or cooling curve shown in Fig. 4 are frequently

encountered. In Fig. 4, the common encountered film

boiling regime persists from elevated surface tempera-

ture down to a lower limit used to be referred to mini-

mum heat flux (MHF) or Leidenfrost point (indicated

by arrows) below which the transition boiling occurs.

As the surface temperature decreases from Leidenfrost

in the transition boiling regime (e.g. 25 �C < Tw <

50 �C, at We = 152), the heat transfer rate increases as

more efficient surface wetting and boiling occur. At the

lower temperature boundary of the transition boiling re-

gime, where the entire surface becomes available for wet-

ting and heat transfer rate reaches a maximum (so called

CHF). This maximum heat flux can be seen from the

steepest portion (or inflection point indicated by arrows)

of the cooling curves in Fig. 4. Below CHF (e.g.

q00 � 2.4 · 104W/m2 at We = 152 and DTsub = 4 �C),



Fig. 4. Cooling curves for R-134a (solid symbols: surface heat flux, open symbols: surface temperature).
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the heat transfer rate in nucleate boiling (e.g.

20 �C < Tw < 25 �C atWe = 152) decreases with decreas-

ing surface temperature. The lower temperature bound-

ary of the nucleate boiling is determined by the

minimum wall superheat (e.g. Tw 6 20 �C at We = 152)

required to sustain vapor bubble nucleation and growth

within the impinging droplets. The film evaporation/or

single phase forced convection would exist below the

boundary (e.g. q00 6 2 · 103W/m2 at We = 152 and

DTsub = 4 �C).
Based on the above physical heat transfer mecha-

nism, the present results shown in Fig. 4(a) and (b) for

two subcoolings are thus analyzed. For both cases with
R-134a, elapsed time is about 240s with different We.

Generally, the Weber number effect can be clearly noted

at D Tsub = 2 �C. Although, for DTsub = 4 �C, the effect
seems still significant, the ranges influenced became less

as compared to that for DTsub = 2 �C.
Also shown in Fig. 4(a) and (b) are the surface (wall)

heat flux distribution. For both cases the maximum sur-

face heat flux occurred at about t = 100–125s. The sur-

face heat flux increases as We increases as one would

expect. Within uncertainty in heat flux, there seems no

significant difference for these two different subcoolings.

Fig. 5(a) and (b) show the corresponding boiling

curves of Fig. 4 at DTsub = 2 and 4 �C, respectively. It



Fig. 5. The corresponding boiling curves (R-134a).
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is clearly seen that the above- stated four regimes exist

for both DTsub = 2 �C and 4 �C subcoolings. The effect

of subcoolings on heat flux seems not noted due to a

small difference between these two subcoolings. How-

ever, the effect on DTsat as compared both Fig. 5(a)

and (b) can be stilled noted. In addition, the effect of

Weber number is clearly noted again. The phenomenon

associated was observed by Yoshida et al. [2] where

they found, when We P 80, each droplet having im-

pinged upon the heater surface was crashed to disinte-

grate into small fragments; while when We < 80, each
droplet was subject to a deformation but it soon re-

stored its spherical shape and then rebounded from

the test surface. Generally, the boundaries to the boil-

ing regimes, MHF and CHF, are nearly independent

of spray We. However, the droplet dynamics and corre-

sponding heat transfer mechanisms are different. In

fact, the impact characteristics in each regime, such as

droplet breakup, spreading rate, and film stability are

strongly dependent on spray We. These behavior have

been also reported in Bernardin et al. [4]. Based on Ber-

nardin et al. [4], the present spray We tested belongs to



Fig. 6. Cooling curves for water (solid symbols: surface heat flux, open symbols: surface temperature).
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intermediate (We 6 96) and high Weber numbers

(We > 96).

Fig. 6(a) and (b) show, on the other hand, pure water

cooling performance at DTsub = 55 �C and 60 �C with

three different We. The corresponding boiling curves

(qCHF and qmin shown by arrows) were illustrated in

Fig. 7(a) and (b), respectively. Generally, the above-men-

tioned four distinct heat transfer regime were again found

as the same to R-134a cases. However, the starting tem-

perature at which the transient experiment starts for pure
water seems much higher, about 240 �C and it takes

a relatively longer time, about 470s for completion of a

cooling process. Three Weber numbers were used for

water and all are higher than those used for

R-134a. In addition, the surface heat flux seems as ex-

pected much higher as compared to those of R-134a.

For instance, the present cooling characteristics results

in Fig. 7 for We = 80 has the maximum q ffi 1.0 ·
105W/m2 at DTsat ffi 30 �C, while, for R-134a, at

We = 96 the maximum q ffi 1.2 · 104W/m2. This is



Fig. 7. The corresponding boiling curves (water).
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perhaps because, again, for We 6 80, as also evidenced

by Yoshida et al. [2], liquid water droplet rebound

phenomena occurs due to the predominant role of water

surface tension and the bulk motion of vapor generated

from the water droplets. Furthermore, due to a higher la-

tent heat of water, the corresponding boiling curves

shown in Figs. 5 and 7 look different in its magnitude.

Even though, the present water result is still smaller than

that (q = 4.7 · 105W/m2 atWe = 28) of Yoshida et al. [2],

due to the different subcooling and spray volume flux as

well as different heating surface and surface condition,

in spite of the same trend found on boiling curves. In fact,

also included in Fig. 7 is the data from Yoshida et al. [2]

for different test surface. At DTsat = 30 �C andWe = 33, q

was found to be about 1.0 · 105W/m2 for steady state
experiments, which almost has the same value of the pre-

sent result atWe = 80. While, for transient results shown

in Fig. 7, they are much higher as stated before.

Fig. 8 shows the detailed heat transfer coefficients on

the test surface for R-134a at three different Weber num-

bers at DTsub = 4 �C with an average �h shown for each
graph and its corresponding cooling time noted. The re-

sults are presented for a circular region over entire sur-

face. The effect of increasing We is clearly seen and is

to increase h (or �h). Such phenomena is indicative of a
consistency of heat transfer mechanism obtained in Part

I and the former discussion (Part II) of this paper which

includes boiling curves as well as cooling curves and h–q

curves. The photographs for Fig. 8(a)–(c) correspond to

a droplet Weber number of 50, 96 and 152 for R-134a.



Fig. 8. TLC detailed heat transfer coefficient (DTsub = 4 �C).
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The droplet impact characteristics at We = 50 suggest

that relative stable droplets where surface tension forces

tend to overcome the breakup effects of inertia and pres-

sure, which results in a relatively low heat transfer as

shown in Fig. 8(a). As We increases to 96, it gives the

momentum of the droplet, and results in the droplet
spreading rate and extent of intact radial film spread

to be about 60% greater as shown in Fig. 8(b) with red

color than that in Fig. 8(a). At this stage, breakup of

the liquid film is caused by liquid ejection and interfacial

stabilities due to a plenty of vapor bubble formation as

evidenced by Bernardin et al. [4] and Inada and Yang



Fig. 9. Relation of CHF and spray volume flux for water and R-134a.
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[7]. This behavior would create a series of larger liquid

island-like (also globule-like) zones with a fine mist of

small droplets mixed as shown in Fig. 8(b). At

We = 152, excessive boiling and instabilities throughout

the entire film were observed and this time the liquid film

rapidly breaks up into a lager dispersion of very fine

droplets as evidenced by the red color in which a full

coverage of the entire region was found (see Fig. 8(c)).

These results are very close to those of Kenning and

Yan [8] of which a heat transfer coefficient of

1.6 · 103 6 h 6 2.3 · 103W/m2 �C was found for pool

boiling heat transfer on a thin plate with liquid crystal
thermography. All three Weber number results can be

also observed and found in Part I of this paper for boil-

ing visualization and nucleate boiling results.

Finally, the present qmax = qCHF and qmin results were

formulated in terms of the relevant variables. Theoreti-

cally, qmax can be calculated based on qmax ¼ _mðhfgþ
CpDT subÞ to examine the accuracy of the present meas-
urements. The deviation between qCHF (cooling and

boiling curves; e.g. Figs. 4 and 6, 5 and 7) and qmax
comes from the sources of different kinds of heat losses

and all kinds measurement uncertainties. This result is

shown in Figs. 9(a) and (b) for R-134a and water,
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respectively. It is found that the present deviation from

the theoretical value is about 20%. This strongly sug-

gests that an effective spray cooling was applied for both

water and R-134a. Such results are similar to the previ-

ous study of Yoshida et al. [2] for water. On the other

hand, qmin found from experiments (cooling and boiling

curves; e.g., Figs. 4 and 6, 5 and 7) was compared with

that of empirical correlation, qmin = Chfgqv(qg(ql � qv)/
(ql + qv)

2)0.25 where C = 0.09–0.18 [9] with a C = 0.11

found for the present study and the results seem good

as the data were located on 45 � diagonal line within
±10% band which is shown in Fig. 10.
4. Conclusion

A series of transient experiments which is different

from Part I of this paper (steady state) was studied with

an aid of TLC technique for liquid sprays of R-134a and

water. Both cooling curves as well as the corresponding

boiling curves were found. In addition, the MHF and

CHF were also measured and compared with those of

previous studies [2,9]. Detailed heat transfer distribution

on a hot surface was firstly made possible to examine the

effect of spray mass flux for R-134a and the data were

also extracted to compare with thermocouple measure-

ments. It was found on an average that they two in good

agreement within ±10%.
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