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High mass flux spray cooling with additives of low specific heat and
surface tension: A novel process to enhance the heat removal rate
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h i g h l i g h t s

� High mass flux spray minimizes the film boiling affect.
� Increment of contact area and latent heating period of coolant augments cooling rate.
� High mass flux spray with acetone eliminates Leidenfrost effect.
� Acetone added coolant significantly enhances the heat removal rate.
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a b s t r a c t

High mass flux spray cooling is a good replacement of conventional cooling methods such as jet cooling
and laminar cooling in metallurgical industries. However, the cooling rates obtained in spray cooling are
still not sufficient for the production of high tensile strength and moderate hardenability steel. The chal-
lenging task in the conventional spray cooling is the elimination of film boiling phenomenon. The solu-
tion to such difficulties is the use of high mass flux spray which generates high momentum droplets that
penetrates the vapour film and almost excludes the film boiling affect. Along with the aforesaid advan-
tage, the high mass flux spray also creates low residence time that leads to incomplete evaporation and as
a consequence, the obtained heat transfer rate is not significant. Hence, the heat removal rate needs to be
further enhanced. This can be achieved by increasing the heat transfer area and lowering the sensible
heating time. So, in the current work, coolants of low specific heat and surface tension are prepared by
separately mixing water with benzene, acetone and n-hexane in different combinations to see the effects
of specific heat and surface tension on heat transfer rate. The substrate used was a square AISI 304 steel
plate (100 � 100 � 6 mm). The surface temperatures and heat fluxes were calculated by using INTEMP
software. Before experimentation, the mass flux and nozzle to plate distance were optimised. The result
shows significant augmentation of heat removal rate with an increment in critical heat flux of 40, 30 and
20% with acetone, n-hexane and benzene, respectively. Moreover, mathematical correlations are devel-
oped using Design Expert software to determine the heat transfer coefficient at different properties of
coolants.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The fabrication of light weight aircraft, nuclear reactor and
manufacturing of high pressure gas pipelines need metal with high
tensile strength and moderate hardenability [1–4]. These proper-
ties can be achieved by conducting fast cooling from its austeniti-
zation temperature (>900 �C) [5,6]. The achievement of high

cooling rates (>300 �C/s) is a very difficult task to accomplish in
the said temperature range because of the early occurrence of Lei-
denfrost effect [7,8]. In Leidenfrost effect, a vapour layer covers the
hot surface and heat transfer rate drastically reduces. The elimina-
tion or the minimization of Leidenfrost effect has been the main
challenging task in the development of appropriate heat treatment
process for the achievement of above mentioned mechanical prop-
erties in steel.

The conventional cooling methodologies applied in metallurgi-
cal industries comprise of laminar syphon, different types of water
jets and low mass flux spray. As these processes deliver very slow
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cooling rates (<100 �C/s), hence it is difficult to produce steel with
above mentioned properties. Among all the above stated cooling
methodologies, spray cooling is found to be a promising cooling
technology. However, in case of low mass flux spray cooling, com-
plete elimination of vapour and liquid film affects are not possible
[9–11].

The possible way to minimize the Leidenfrost effect is by using
high momentum coolant droplets that penetrates the liquid and
vapour films. Moreover, it also swaps away the partially evapo-
rated droplets and prevents the merging of droplets into liquid
or vapour film. Generation of high momentum droplets need high
mass flux as reported by previous researchers [12–14]. They
observed that with rising mass flux, the heat removal rate
increases; however, the maximum considered mass fluxes were
20 and 30 kg/m2 s, respectively. From the above discussed litera-
ture, it can be concluded that further rise in mass flux may enhance
the cooling rate. Hence, further research on high mass flux spray
(>30 kg/m2 s) is required.

The heat transfer rate is a function of heat transfer area, latent
heat extraction rate and droplet residence time. The heat transfer
area or the contact area between the coolant droplet and the solid
surface depends on the contact angle. By decreasing the contact
angle of coolant droplet with the solid surface, high heat transfer
area can be generated for droplet evaporation [15–17]. This can
be achieved by adding some additives that can reduce the surface
tension of the coolant. Chandra et al. [18] studied the effect of vary-
ing solid-liquid contact angle on the evaporation of coolant dro-
plets impinging on stainless steel plate. They showed that by
adding surfactants, not only the contact area was increased but
also the thickness of the impinged coolant droplet was reduced sig-
nificantly, further enhancing the heat transfer rate. Qiao and Chan-
dra [19,20] investigated the surfactant added spray cooling. They
found that the addition of surfactant enhanced the nucleate boiling
heat flux by up to 300%. Furthermore, the information reported by
Cheng et al. [21] disclosed the spray cooling enhancement by
ethanol-water mixture. The cooling enhancement achieved due
to the decrement of contact angle is not still significant. In addition
to the above, the literature also reveals that the dissolved salt in
the surfactant enhances the heat transfer rate by changing the heat
transfer mode from convective to conductive [14,22]. The dissolved
surfactant and salt deposit on the surface of the plate and as a con-
sequence, the surface morphology changes [22–24]. Hence, these
processes need to be further enhanced for the attainment of higher
cooling rates and better morphology.

Along with the contact angle, the heat transfer is also influenced
by latent heat extraction period and residence time. So far, no
attempt has been made to augment the heat transfer rate by
increasing the latent heat extraction period at very high initial sur-
face temperature. For a fixed droplet residence time, the latent
heat extraction period can be increased by decreasing the sensible
heat extraction period. This can be attained by lowering the speci-
fic heat of the resultant coolant and this process in turn reduces the
time required to reach the saturation temperature. The presence of
benzene, acetone or n-hexane in coolant droplet reduces the speci-
fic heat and decreases the contact angle. Furthermore, the use of
high mass flux spray generates high momentum droplets and low-
ers the residence time. In the current work, by the combined
effects of reduction of specific heat, contact angle and residence
time of the coolant and increment of droplet momentum, the heat
transfer rate is expected to enhance significantly and the desired
heat treatment methodology for the production of high tensile
strength and moderate hardenability steel can be explored. Fur-
thermore, in the current case, different additives are selected to
enhance the spray cooling with two considerations: (1) the
required amount of the additive to be added in the coolant; and
(2) to see the effects of specific heat and surface tension on heat
transfer rate at different combinations.

In the current study, experiments were conducted with differ-
ent coolants containing various additives in water such as benzene,
acetone and n-hexane. The concentration of these additives were
also varied in different ranges depending on their solubility in
water. Initially, the nozzle to plate distance (height) and flow rate
(mass flux) were optimised experimentally. At optimum height
and flow rate, further experiments with various coolants were con-
ducted. After experimentation, the surface heat flux and tempera-
ture were calculated by using an inverse heat conduction software
(INTEMP). The result reveals that all the additives were able to
enhance the heat transfer rate at different magnitudes.

2. Experimentation

2.1. Experimental set-up

As shown in Fig. 1, an experimental set-up was fabricated to
conduct the experiments. The whole set-up is divided into mainly
three sections namely the heating, spraying and a data recording
system.

Abbreviations
PID proportional integral derivative
DAQ data acquisition system
T1, T2, T3 thermocouple locations in plate
T temperature, �C
k thermal conductivity, W/m �C
Cp specific heat, J/kg �C
Fw volumetric flow rate of water, m3/s
mf local , mfi local mass flux at ith location, kg/m2 s
mfavg ; Id average mass flux, kg/m2 s
Mw mass of water collected, kg
l viscosity of coolant, Pa s
DT temperature difference, �C
OES optical emission spectrophotometer
AISI American iron and steel institute
n number of locations at which local impingement

densities were measured
E cooling effectiveness

q surface heat flux, W/m2

hv latent heat of vaporization, J/kg
Cpl, Cpv specific heats of coolant in liquid and vapour phases,

J/kg �C
Ts, Tl, Tw temperatures of saturation, coolant and surface of hot

plate, �C
q density of coolant, kg/m3

vd mean velocity of droplet, m/s
D diameter of droplet, mm
r surface tension of coolant, N/m
t time, s
dt diameter of the water collecting tube, m
Dt time interval of water collection, s
CHF critical heat flux, MW/m2

SHF surface heat flux, MW/m2

HTC heat transfer coefficient, kW/m2 �C
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