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Estimation and Analysis of
Surface Heat Flux During
Quenching in CNT Nanofluids
In this article, water based carbon nanotube (CNT) nanofluids have been used as quen-
chants to study their effects on the heat transfer rate during immersion quenching. For
this purpose, water based CNT nanofluids were prepared by dispersing CNTs with and
without the use of surfactant. Quench probes with a diameter of 20 mm and a length of
50 mm were prepared from 304L stainless steel. Thermocouples were fixed at the selected
location inside the quench probes and the probes were quenched in distilled water and
CNT nanofluids. During quenching, time-temperature data were recorded using a data
acquisition system. The heat flux and temperature at the quenched surface were estimated
through the inverse heat conduction method. The computation results showed that the
peak heat flux was higher by 37.5% during quenching in CNT nanofluid prepared without
surfactant than that in water. However, surfactant assisted CNT nanofluid promoted a
prolonged vapor phase during quenching and hindered the heat transfer rates signifi-
cantly. The peak heat flux was dropped by 24.9% during quenching in CNT nanofluid
prepared with surfactant as compared with its base fluid of water.
�DOI: 10.1115/1.4003572�
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Introduction
Quenching is one of the important industrial processes in which

he rate of heat transfer plays a vital role in the development of
icrostructure and mechanical properties of the quenched prod-

ct. Heat transfer during quenching is complex and controlled by
ifferent cooling mechanisms. The parameters that affect the heat
ransfer during quenching may include surface temperature, sur-
ace roughness, agitation, thermophysical properties of the quen-
hant, and materials being quenched. The literature concerned
ith these various quenching parameters can be found in plenty.
he heat transfer at the quenched surface is characterized by the
urface heat flux or heat transfer coefficient of the quenching me-
ium. The surface heat flux during quenching is unknown and
alculated with the help of measured temperature data through
nverse heat conduction �IHC� method.

Babu and Prasanna Kumar �1� estimated the surface heat flux
nd temperature using the IHC method for different initial soaking
emperatures and modeled the surface heat flux as a function of
imensionless parameters during immersion quenching. Various
lgorithms for solving IHC problems have been well-documented
y Beck et al. �2� and successfully implemented by many re-
earchers �1–6�. Prasanna Kumar �3� described a serial solution
ethod for a 2D IHC problem to estimate the heat flux in multiple

egments and used it to estimate the heat flux components at the
etal/mold interface in gravity die casting �4�. The same algo-

ithm was used by Arunkumar et al. �5� to study the spatial varia-
ion of heat flux at the metal-mold interface. Sarmiento et al. �6�
ompared the results of the two computer programs developed for
he estimation of heat transfer coefficient during quenching.

Intensive quenching �IQ� �7,8�, known as IntensiQuenchSM, is
n alternate way of hardening steel parts developed by Kobasko.
ntensiQuenchSM process can be defined as cooling usually at a
ate several times higher than the rate of normal or conventional
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quenching. Kobasko’s research showed that very fast and very
uniform part cooling actually reduced the probability of part
cracking and distortion, while improving the surface hardness and
durability of steel parts. In this perception, we wanted to achieve
higher cooling rate during quenching possibly by the use of nano-
fluids. Nanofluids are the new class of engineering fluids and have
attracted many researchers because of their better heat transfer
performance �9–23�. Nanoparticles are suspended in the base flu-
ids usually at a very low concentration to improve their heat trans-
fer performance.

Choi �9� projected the possibility of using nanofluids for differ-
ent practical applications including quenching. Narayan Prabhu
and Fernades �10� used water and water based alumina nanofluid
as quenchant and reported that the peak heat transfer coefficient of
the nanoquenchant was 10% lower as compared with water. Kim
et al. �11� conducted quenching experiments in pure water and
water based nanofluids and showed that the quenching behavior of
nanofluids was nearly identical with that of pure water. Lotfi and
Shafii �12� investigated the boiling heat transfer characteristics of
nanofluids by quenching a silver sphere in water based nanofluid
and reported a considerable reduction in the quenching ability of
nanofluids. These results on the use of nanofluids for quenching
were not encouraging. However, Chopkar et al. �13,14� reported
the higher quenching efficiency of water and ethylene glycol
based nanofluids. The experiments conducted in Refs. �13,14�
could not be treated as a practical quenching application since
they quenched from 300°C to demonstrate the cooling perfor-
mance of nanofluids.

Choi �9� stated that carbon nanotube �CNT� nanofluids yielded
the highest heat transfer enhancement. Park and Jung �15� showed
that the presence of CNTs improved the nucleate boiling heat
transfer coefficient of water and R22, a refrigerant. Ding et al.
�16� reported that nanofluids containing 0.5 wt % CNTs produced
a maximum heat transfer enhancement of 350% by considering
the flow conditions through a horizontal tube. Xie et al. �17�
showed that the enhancement in thermal conductivities of CNT
nanofluids was proportional to the CNT concentration. The differ-

ent mechanisms for the improved heat transfer performance of
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anofluids were elaborated by Keblinski et al. �18�. The use of
anofluids for a practical quenching application reporting the im-
roved heat transfer is not available until date.

The objective of this work is to use CNT nanofluids as quen-
hants to improve the heat transfer rate during quenching of steel
arts. Multiwalled CNTs were synthesized through arc discharge
ethod and dispersed in de-ionized �DI� water with and without

urfactant for quenching application. Instrumented quench probes
ade of stainless steel �SS� 304L were quenched in water and
NT nanofluids and time-temperature data were recorded. The

emperature data were used as input for the IHC algorithm to
ompute the unknown heat flux and temperature at the quenched
urface. The results of the computation showed that CNT nano-
uid prepared without surfactant resulted in a higher cooling rate

han its base fluid, water. But, CNT nanofluids prepared with sur-
actant hindered the heat transfer rates significantly during
uenching.

Preparation of CNT Nanofluids
Nanofluids refer to the fluids with suspended nanoparticles. By

uspending nanoparticles at very low concentrations, usually
vol % or less in heating or cooling fluids, the heat transfer

erformance was proved to be significantly improved by the re-
earchers. The basic idea is to increase the effective thermal con-
uctivity of the base fluids to achieve better heat transfer perfor-
ance. In the literature of nanofluids, the primary reason for the

mproved heat transfer performance of nanofluids is attributed to
he higher effective thermal conductivity of nanofluids. Among
ifferent nanofluids, CNT nanofluids were reported to have higher
eat transfer performance �9� because of their higher thermal con-
uctivity, which is in the order of �3000 W /m K �multiwalled
NT�, and very high aspect ratio �16�.

2.1 Synthesis and Characterization of CNT. Multiwalled
NTs were synthesized using an arc discharge method with a dc
ower supply, as described by Joshi et al. �24�. The detailed de-
cription of CNT synthesis for quenching application has been
iven by us in Ref. �25�. The synthesized CNT powder was char-
cterized in X-ray diffractometer �Bruker D8 Discover, Madison,
I� with Cu K� radiation. The X-ray diffraction �XRD� pattern of

he CNT powder is shown in Fig. 1�a�. It has a peak at 26.29 deg,
hich corresponds with the �002� plane and confirms the highly
raphitic structure of the CNT powder. The crystallite size was
alculated to be 11.4 nm from the XRD pattern using Scherrer’s
ormula. A pinch of CNT powder was then dispersed in 10 ml of
e-ionized water through ultrasonication. A drop of this nanofluid
as characterized using a transmission electron microscope �Phil-

Fig. 1 „a… XRD pattern of CNT a
ps CM12�. The high resolution transmission electron microscopy
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�TEM� picture of CNT dispersion is shown in Fig. 1�b� in which
CNT bundles are entangled and embedded in graphite spherulites.
The minimum outer diameter of multiwalled CNTs observed was
9.73 nm and the average diameter ranged from 9 nm to 15 nm
with a length ranging from few hundreds of nanometers to mi-
crons.

2.2 Preparation of CNT Nanofluid. The synthesized CNT
powders were directly added to DI water to prepare the nanofluids
at the required concentration. CNTs are known to be entangled
and have a hydrophobic surface, which makes them to aggregate
and settle down over time when dispersed in water. To disperse
CNTs successfully in water, either surfactant should be used as in
Refs. �16,20–22� or CNT should be functionalized by chemical
treatments as in Refs. �17,18,23,26� to keep them suspended. Both
the methods were equally followed in literature. The surfactants
have their own bubble formation characteristics as they reduce the
surface tension of the liquids. Because of this reason, it was ex-
pected that the presence of surfactants in nanofluids would alter
the film boiling regime during quenching and influence the heat
transfer rates significantly. So, CNT nanofluids were prepared by
both the methods and used as quenchants.

A part of the CNT powders was functionalized by chemical
treatment, as described in Refs. �18,26�. The acid treatment of
CNTs involved soaking them in an acid mixture containing con-
centrated HNO3 and H2SO4 in the ratio of 1:3 by volume for 5 h
at room temperature. The chemical reaction in acid mixture forms
a number of oxygen containing functional groups onto the CNT
surface and turns them into hydrophilic to enable to prepare stable
and homogeneous CNT nanofluids. The functionalized CNTs were
termed as treated CNT �TCNT� and as produced CNTs were
termed as pristine CNT �PCNT�. Three samples of CNT nano-
fluids were prepared with and without the use of surfactant, Triton
X100 �27�, as per the following proportion:

�i� 30 ml of DI water+0.5 wt % of PCNT
�ii� 30 ml of DI water+0.5 wt % of TCNT
�iii� 30 ml of DI water+0.5 wt % of PCNT+2 wt % of

Triton X100

The samples were sonicated at 20 kHz for 5 min in a probe type
sonicator �Roop Telsonic, Mumbai, India�. The nanofluid samples
were studied for its stability by visual observation. The settlement
of the nanofluid samples after 1 day and 1 week is shown in Figs.
2�a� and 2�b�, respectively. Nanofluid sample �ii� exhibited a bet-
ter stability over sample �i�, and sample �iii� prepared with Triton
X100 was stable for even months together.

For the quenching application, 2 l of nanofluid was prepared

„b… TEM picture of CNT powder
nd
with 0.5 wt % of TCNTs without any surfactant. Thus, in 2 l of

Transactions of the ASME

E license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



D
f
0
P
s
P
s
n

t
t
w
a
t
0
fl
F
w
o
t
o

n
v
a
d
�
u
e
p
v
s
I
a
1
s
v
t

3

a
t
r

F
t

J

Downloa
I water, 10 g of TCNTs was added and dispersed by sonication
or 1 h at 20 kHz. Another 2 l of nanofluid was prepared with
.5 wt % of PCNTs and Triton X100 as a surfactant. 10 g of
CNTs was taken in a glass beaker and 15 g of Triton X100
urfactant was added and mixed well with a glass rod to wet the
CNTs completely. 2 l of DI water was added to this mixture and
onicated for 1 h at 20 kHz to obtain the well dispersed CNT
anofluid.

2.3 Characterization of CNT Nanofluid. Viscosity and wet-
ability are the two basic fluid properties, which influence the heat
ransfer rates in fluids significantly. The contact angle of distilled
ater and CNT nanofluids on a SS substrate was measured using
goniometer �GBX, DGD-DX model, France� at room tempera-

ure of 27°C. The measured contact angle of water �case �i��,
.5 wt % TCNT nanofluid �case �ii��, and 0.5 wt % PCNT nano-
uid with the surfactant �case �iii�� on a SS substrate are shown in
ig. 3. The contact angle of case �ii� is lower than that of case �i�,
hich is due to the presence of TCNTs in water. The contact angle
f case �iii� is very much lower than that of case �i� or �ii� due to
he presence of surfactant. Therefore, case �iii� can wet the surface
f SS 304L much faster than case �i� or �ii�.

Similarly, the dynamic viscosity of distilled water and CNT
anofluids was measured using a low viscosity rotational type
iscometer �Brookfield DV-II+Pro, Middlebro, MA� at �25°C
nd at a constant shear rate of 85.61 s−1. A combination of cylin-
rical sample container and spindle called as Ultra Low Adapter
ULA�, which can measure as low as 0.85 mPa s at 60 rpm, was
sed for taking measurements at low viscosity. The viscous drag
xperienced by the spindle in ULA was factory calibrated to dis-
lay the dynamic viscosity on a digital output screen. First, the
iscosity of distilled water was measured with different spindle
peeds ranging from 100 rpm down to 60 rpm in a step of 10 rpm.
t was found that at 25°C and at a spindle speed of 70 rpm �or at

shear rate of 85.61 s−1�, the viscosity of distilled water was
.01 mPa s. Thus, the spindle speed was fixed at 70 rpm for mea-
uring the viscosity of CNT nanofluids. The measured dynamic
iscosity of water and CNT nanofluids prepared with and without
he surfactant is plotted in Fig. 4.

Experimental Method
The design of cylindrical quench probes should consider the

spect �length to diameter� ratio. A commonly accepted design is
o have an aspect ratio of 4–5, and a cylinder having this aspect
atio is called as “infinite cylinder.” Under this condition, the heat

ig. 2 „a… Nanofluid settling after 1 day and „b… nanofluid set-
ling after 1 week
Fig. 3 Wettability of different quenchants used
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transfer would dominate in the radial direction and justify one
dimensional heat transfer in the cylindrical probes. This is the
common condition used in most of the laboratory cooling curve
analysis during immersion quenching of cylindrical parts. Cylin-
drical quench probes with a diameter of 20 mm and a length of 50
mm �aspect ratio of 2.5� were used in this work. The probe design
does not satisfy the condition of infinite cylinder. But, Chen et al.
�28� used 1D and 2D finite element �FE� models for a quench
probe having an aspect ratio of 2 and proved that the use of 1D
and 2D FE models had a negligible difference. Moreover, the
difficulties involved with the drilling of deep holes in SS posed a
restriction on the probe length. Quench probes were prepared
from SS 304L, which has no phase transformations during
quenching. The schematic of the quench probes is given in Fig.
5�a� and the photograph of a quench probe fixed with the thermo-
couples is shown in Fig. 5�b�.

Since the IHC analysis is very sensitive to the input temperature
data, even small fluctuations in the input temperature data that
result from measurement errors would be amplified in the results.

Fig. 4 Viscosity of different quenchants used

Fig. 5 „a… Schematic of the quench probes and „b… photograph

of the quench probe showing the thermocouples

JULY 2011, Vol. 133 / 071501-3

E license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



T
m
m
�
d
i
e
d
p
u
p
t
t
s
t
h

t
q
s
w
t
c
t
a
w
t
f
a
a
s
�
t
a

4
T

e
a
P
fl
m
I
m

a
p
f
e
w
m
g
m
�
T
s
f
F
w
o
t
p
a
r
t
p

0

Downloa
herefore, care was taken during machining, selection, and
ounting of thermocouples in the quench probes. The details of
achining of the quench probes have been explained in Refs.

1,25�. Two mineral insulated K-type thermocouples with a wire
iameter of 1 mm were used for temperature measurements dur-
ng quenching. One of the thermocouples was calibrated at differ-
nt temperatures ranging from 50°C to 600°C, and the maximum
eviation between the equivalent millivolt and the actual millivolt
roduced was 0.34%. COREFIX �commercial adhesive paste� was
sed for fixing thermocouple TC2 after placing it carefully in its
osition and applying pressure until the paste was set. Another
hermocouple �TC1� was tied along with the connecting stem such
hat its tip was at the midplane but �2 mm away from the probe
urface. Thermocouple TC1 was positioned diametrically opposite
o TC2 so that its presence would not have any influence on the
eat transfer near TC2 during quenching.

A fresh quench probe was used for each experiment. A vertical
ubular electrical resistance furnace was used for heating the
uenching probe. Once the probe was heated to 850°C, it was
oaked for 30 min. The probe was released from its hook and,
ith the probe axis vertical, quickly immersed into a beaker con-

aining 2 l of the quenchant. During quenching, neither the quen-
hant nor the probe was stirred. The quenchants used were dis-
illed water, CNT nanofluids containing TCNT without surfactant,
nd PCNT with the surfactant. For convenience, the quenching in
ater is termed as case �i�, in nanofluid containing TCNT is

ermed as case �ii�, and in nanofluid containing PCNT with sur-
actant is termed as case �iii� throughout the remaining of this
rticle. The quenchant temperature was maintained at �30°C for
ll the experiments. The temperature recording for every 0.1 s was
tarted using a computer assisted data acquisition system
Agilent—model 34970A, Loveland, CO� when the probe was in
he furnace and continued until the probe temperature reached
bout 50°C during quenching.

Inverse Determination of Heat Flux and Surface
emperature
The unknown heat flux transients at the quenched surface were

stimated using the IHC method from the measured temperature
t TC2 during quenching. The serial IHC algorithm developed by
rasanna Kumar �3� was used in this work to estimate the heat
ux transients at the probe-quenchant interface. The complete
athematical model and its implementation details of the serial

HC algorithm had been discussed elsewhere �3� and briefly sum-
arized in Refs. �1,25� with respect to a quenching problem.

4.1 FE Model. A single unknown heat flux boundary was
ssumed along the probe-quenchant interface. Since the quench
robes were immersed in the quenchant during quenching at a
aster rate, the interface heat flux along the probe surface was not
xpected to vary much. The midsection of the quench probe,
here the thermocouple tip was positioned, was taken as the
odel domain and neglected the end effects. Due to the circular

eometry of quench probes, only a quadrant was taken as the
odel domain and discretized using a mesh of 1089 elements

three node triangular�, and the total number of nodes was 595.
he FE mesh showing the different boundary conditions is pre-
ented in Fig. 6. The thermophysical properties of SS 304L as a
unction of temperature taken from Ref. �1� were assigned to the
E model. The material properties were treated as stepwise linear
ithin the given temperature range and were taken as constant
utside the given temperature range. The effect of grid size and
ime step during inverse estimation of surface heat flux was re-
orted by us in Ref. �1�. The suggested grid size of 1089 elements
nd a time step of 0.1 s were used in this work. The accuracy and
eliability of the IHC method employed in this work to estimate
he unknown heat flux at the quenched surface have already been

roved in Ref. �1�.

71501-4 / Vol. 133, JULY 2011
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5 Results and Discussion

5.1 Experimental Data. The temperatures recorded by TC1
and TC2 during case �i�, case �ii�, and case �iii� quenching are
shown in Fig. 7. The initial flattened portion corresponds with the
temperatures recorded while the probes were in the furnace. The
instant of probe’s removal from the furnace is marked with “a”
where TC1 and TC2 start deviating. The instant of full immersion
is marked with “b” and was accurately located with the help of
TC1 data as it drops instantaneously down to the quenchant tem-
perature. Upon full immersion, the film boiling or vapor blanket
stage takes place and the end of this stage is marked with “c”
where the slope changes. This is the start of transition boiling and
is followed by the nucleate boiling stage. The portion b to c of the
cooling curves is the length of film boiling and it is longer in case
�iii� followed by case �ii� and then by case �i�.

When the temperature reaches �100°C, there is a sudden drop
in the cooling curves, which represents the start of convective
cooling during quenching. The exact instant of the start of these
different cooling stages would not be accurate if the calculation is

Fig. 6 FE mesh showing the TC2 location for the inverse esti-
mation of surface heat flux

Fig. 7 Measured temperature data during quenching in water

and nanofluids
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ade at this stage, as these temperatures were recorded at 2 mm
elow the probe’s surface. There would be a temperature gradient
rom the surface to the core of the quench probes as the heat
ransfer inside the material is governed by its thermal diffusivity.
hus, the temperature recorded at TC2 at any instant would be
igher and its corresponding cooling rate would be slower than
hat at the probe’s surface.

5.2 Temperature and Cooling Rate at the Quenched
urface. The unknown heat flux and temperature at the quenched
urface were computed through the IHC method by using TC2
emperature data �from a of the cooling curves� as input. The
omputation was carried out until the recorded temperature
eached �90°C. The calculated surface temperature for different
ases is plotted in Fig. 8 and it clearly indicates that the drop in
he surface temperature in case �ii� is faster than case �i�, but it is
lower in case �iii� as compared with case �i�. Case �iii� is appear-
ng odd because of the prolonged vapor blanket stage. The vapor
lanket stage of case �ii� is considerably longer than case �i�, but
uch lesser than case �iii�.
The corresponding cooling rates at the surface are calculated

or all the cases and plotted in Fig. 9 and it clearly shows the
igher peak cooling rate in case �ii� than in case �i�, which is due
o the presence of CNTs. The peak cooling rate recorded in case
iii� is lower than case �i� and is due to the presence of surfactant
n the nanofluid. In case �iii�, there is another peak in the cooling
ate plot within the film boiling. The film boiling regime of case
iii� has taken place for nearly 8 s, which is significantly longer
han the other two cases. Since a considerable portion of the cool-
ng curve is spent in the film boiling, the overall heat transfer is
indered in case �iii�.

When the surface temperature reaches �100°C, there is a sud-
en drop in the cooling curve �Fig. 8� in all the cases. This rep-
esents the onset of convective stage during cooling, and the quen-
hant completely wets the probe surface �without any bubbles�
ince boiling of the quenchant �water� ceases at this temperature.
owever, this drop is not appreciable in case �iii� when compared
ith the other two cases. A small variation in this temperature can
e observed and is due to the fact that the addition of CNTs or

Table 1 Peak cooling rate, heat flux, an

Case Quenchant
Peak cooling ra

�°C /s�

�i� Distilled water 270.5
�ii� DI water+TCNT 448.8
�iii� DI water+PCNT+surfactant 179.2

Fig. 8 Computed cooling curve at the probe surface
ournal of Heat Transfer
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surfactant could have altered the boiling point of water slightly.
Also, the wetting characteristics of different quenchants vary con-
siderably �Fig. 3�; especially, it is significant in case �iii� because
of the presence of the surfactant. The peak cooling rate and its
time of occurrence are given in Table 1 for all the cases. The
increase in the peak cooling rate in case �ii� is 66% when com-
pared with case �i�, and the decrease in the peak cooling rate in
case �iii� is 33% than in case �i�. The reason for the variation in
the cooling rates is discussed in the next section with respect to
the heat flux.

The overall improvement in the heat transfer during quenching
of case �ii� can be attributed to the higher effective thermal con-
ductivity as observed by other researchers. The mechanisms of
heat flow in nanofluids have been discussed in detail by Keblinski
et al. �18� with respect to �i� the Brownian motion, �ii� the mo-
lecular level liquid layering at the liquid/particle interface, �iii� the
nature of heat transport �ballistic phonon effects�, and �iv� the
effect of nanoparticle clustering. Das et al. �19� substantiated the
Brownian motion and nanoconvection induced by Brownian mo-
tion effects on the heat transfer rate in nanofluids, and Choi �9�
also demonstrated some of the above mechanisms as a basis for
the improved heat transfer rates in nanofluids. However, Buon-
giorno et al. �29� observed that experimental confirmation of these
mechanisms had been weak and some had been openly ques-
tioned. They also observed that the possibility of very large ther-
mal conductivity enhancement in nanofluids was a hotly debated
topic.

The higher cooling rate provided by case �ii� is advantageous
and comparable to the intensive quenching process �7,8�. The IQ
process states that the very high cooling rate at the surface would
induce a martensite formation at the core simultaneously as mar-
tensite forms at the surface. This would reduce the residual tensile
stresses at the surface and in turn reduce the probability of quench
crack. The IQ technique has proven this theory by providing
higher and uniform cooling rate over the part surface by agitating
the quenchant at a faster rate. The benefits of the IQ technique
may also be applicable to the parts quenched in the CNT nanofluid
prepared without any surfactant. However, the benefits are yet to

its time and temperature of occurrence

Time
�s�

Peak heat flux
�kW /m2�

Time
�s�

Surface temperature
�°C�

2.6 261.43 3.1 485.2
2.8 359.36 3.0 409.8

10.6 196.29 11.1 358.9

Fig. 9 Cooling rate at the probe surface
d

te
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e quantified. But, a certain additional benefit of using CNT nano-
uid having no surfactant over intensive quenching technique is

hat the former can be used for parts having any intricate shapes.
t is one of the limitations of IQ �as reported� that the parts with
ntricate shapes could not be provided rapid and uniform cooling.
t is possible to overcome this limitation with the nanofluids be-
ause nanoparticles present in the nanofluids are responsible for
aster cooling and can reach any intricate shapes to provide the
aster and uniform cooling.

5.3 Heat Flux During Quenching in Different Quenchants.
he variation in the surface heat flux is plotted as a function of

ime in Fig. 10 for different quenchants. The heat flux is also
lotted as a function of the surface temperature in Fig. 11 for all
he cases, which is referred to as conventional boiling curve dur-
ng quenching. The heat flux starts from zero, which corresponds
ith the instant of probe’s removal from the furnace and rises

lowly to �65 kW /m2 within 1 s. This increase in the heat flux is
aused by the heat transfer due to natural convection and radiation
hen the probes traveled in air before its full immersion. A slight
ariation in this initial value of the heat flux for different cases is
ue to the fact that the probes were transferred manually from the
urnace to the quenchant. Then, the heat flux increases rapidly to
each a peak value within a very short period and drops down as
he probes tend to attain equilibrium temperature with the quen-
hant. The boiling curve during quenching has two peaks for cases
i� and �ii�: �1� the first peak heat flux within the nucleate boiling

Fig. 10 Transient heat flux at the quenched surface
Fig. 11 Boiling curve during quenching in different fluids

71501-6 / Vol. 133, JULY 2011
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stage and �2� the second peak within the convective stage of cool-
ing. Whereas case �iii� has three peaks, the first peak within the
film boiling stage and the remaining two are the same as that of
the other two cases.

5.3.1 Film Boiling in Water and CNT Nanofluids. During film
boiling, the heat flux increases rapidly upon full immersion and a
film of vapor forms around the probe surface. Once this film of
vapor formed, the heat transfer rate is reduced as the film of vapor
acts as an insulator to the flowing heat and the slope of the boiling
curve slows down. This film of vapor exists as long as the heat
transfer across the interface exceeds the amount of heat that is
needed to maintain a maximum vapor per unit area �1�. When the
heat transfer across the interface is not adequate to maintain this
maximum vapor per unit area, the film of vapor breaks down and
leads to the next stage of cooling. The length of the film boiling is
longer in case �iii� followed by case �ii� and then by case �i�. The
end of film boiling is marked in Figs. 10 and 11 where the slope of
the heat flux curves starts increasing. The film boiling regime is
barely distinguishable in case �i� from the next stage of boiling
curve and its length is not so significant as compared with cases
�ii� and �iii�.

Case �ii� has considerably a lengthy vapor phase and the end of
this phase is characterized by a small change in the slope at
�2.0 s �Fig. 10� or when the surface temperature reached
�700°C �Fig. 11�. The wettability of case �ii� quenchant is higher
than that of case �i� quenchant �Fig. 4� and resulted in a lengthy
film boiling stage during quenching in case �ii�. This is in accor-
dance with the findings of Narayan Prabhu and Fernades �10�
during their investigation on water based alumina nanofluids on a
stainless steel substrate. Thus, the nanoparticles present in the
nanofluid have a significant effect on the film boiling during
quenching, which is against the conclusion of Kim et al. �11�. The
interference of the CNTs is not sufficient, because of its nanosize,
to break the film of vapor, which is against the findings of Chop-
kar et al. �14� who stated that the presence of nanoparticles pos-
sibly helped in breaking down the vapor blanket around the hot
body and facilitated efficient heat removal.

Case �iii� has a well distinguishable film boiling stage �Figs. 10
and 11�. The film boiling in cases �ii� and �iii� is nearly identical
until the formation of the complete film of vapor. Once the com-
plete film of vapor is formed, the heat flux drops down drastically
in case �iii� than in case �ii�. The surfactant present in case �iii�
augmented the vapor formation at the probe surface and the vapor
characteristics could be different. This offers a higher resistance to
the heat flow, and the heat transfer rate is reduced significantly.
Thus, after reaching a peak within the film boiling stage, the heat
flux drops down drastically and remains almost flattened until 8 s
�Fig. 10� or when the surface temperature reached 720°C �Fig.
11�. The surface temperature at which the film boiling ceased in
case �iii� is higher than in case �ii�. But, on the time scale, the
probe surface has taken 8 s to reach 720°C in case �iii�, whereas
it is only 2 s to reach 700°C in case �ii�. This suggests that the
size of vapors formed in case �iii� should have been larger and
more stable because of the presence of surfactant in the nanofluid.

5.3.2 Nucleate Boiling in Water and CNT Nanofluids. When
the film of vapor collapses, it results in small probe-water contact
and leads to violent boiling. This is the start of nucleate boiling
stage, and the heat transfer rate increases rapidly during this stage.
The slope of the boiling curve increases and peaks within a short
time in cases �i� and �ii� from the instant of full immersion, but
only after 11 s in case �iii� due to the prolonged film boiling stage.
The peak heat flux, its time of occurrence, and corresponding
surface temperature are given in Table 1 for different cases. The
time corresponding to the peak heat flux varies significantly for
the nanofluid prepared with surfactant than the other two quen-
chants, as pointed out earlier. The peak heat flux is higher in case
�ii� followed by cases �i� and �iii�. With respect to time and sur-

face temperature, this peak has occurred first in case �i� followed
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y cases �ii� and �iii�. The increase in the peak heat flux in case �ii�
s 37.5% as compared with case �i� and the decrease in the peak
eat flux in case �iii� is 24.9% as compared with case �i�. The
nhancement in the peak heat flux and peak cooling rate in case
ii� is mainly attributed to the effective higher thermal conductiv-
ty of the CNT nanofluid.

There is another possible reason for the improved heat transfer
erformance of the CNT nanofluid �case ii� apart from the in-
reased thermal conductivity of the CNT nanofluid. The unwashed
uench probes after quenching in water and CNT nanofluid �case
i� are shown in Fig. 12. The probe quenched in the CNT nano-
uid looks darker in appearance than that quenched in water. This
uggests that during quenching, CNT particles get deposited onto
he probe surface. The fouling of CNTs onto the probe surface
lso contributes to the higher heat transfer rates during quenching
n the CNT nanofluid apart from the other reasons such as Brown-
an motion, etc.

The peak heat flux has dropped down in case �iii�, the other
NT nanofluid prepared with surfactant. The drop in the peak heat
ux and peak cooling rate in case �iii� than in case �i� reveals that

he surfactant effect is predominant than the effect of CNTs on
uenching heat transfer. The surface temperatures at which the
ucleate boiling commenced for cases �ii� and �iii� are 700°C and
20°C, respectively, and do not vary much but the drop in the
eak heat flux in case �iii� is almost 60% as compared with case
ii�. The presence of surfactant in the nanofluid has increased the
iscosity significantly �Fig. 4�. The increase in viscosity of nano-
uid increases the shear at the liquid-vapor interface and conse-
uently decreases the vapor removal rate according to Lotfi and
hafii �12�. Thus, the bubbles nucleated during the nucleate boil-

ng stage are not leaving fast from the nucleation sites and block
he nucleation sites. This reduces the heat transfer rate to a large
xtent during nucleate boiling. Moreover, the increased viscosity
f case �iii� would hinder the Brownian motion of CNTs within
he nanofluid. Thus, there is a big difference between the slope of
he boiling curves of cases �ii� and �iii�. After reaching a peak
alue, the heat flux decreases throughout the remaining portion of
he boiling curve, rapidly at first and then moderately representing
hat the degree of violent boiling is getting reduced during the
ucleate boiling as the surface temperature drops down continu-
usly.

5.3.3 Convective Boiling in Water and CNT Nanofluids. The
onvective stage of cooling commences once the surface tempera-
ure of the probe reaches nearly 100°C for all the cases �Fig. 11�
s the boiling comes to an end. The heat transfer rate during the

ig. 12 Quench probes quenched in „a… water and „b… TCNT
anofluid
onvective stage is only by convection and is lesser. Another peak
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in the heat flux is occurring during this stage �at the near end of
quenching in Figs. 10 and 11� in all the cases and their magnitude
is not so significant as compared with the first peak heat flux. The
occurrence of this peak could be due to complete wetting of the
probe surface without any bubbles �1�. Thus, there is a local in-
crease in the heat flux but lasts only for a shorter period of about
1–2 s. This results in a sudden drop and consequent small rise in
the cooling curves when the probe surface temperature reaches
�100°C �Fig. 8�. The increase in the heat flux does not com-
mence exactly at the same temperature for all the cases, especially
case �iii�, and this minor difference is due to the presence of CNTs
and surfactant, which should have altered the boiling point of the
water as discussed already.

The effect of CNT concentration and agitation rate on the sur-
face heat flux during quenching in CNT nanofluids has been stud-
ied by Babu and Prasanna Kumar �25�. The peak heat flux in-
creased with an increase in CNT concentration up to 0.5 wt %
and then started decreasing with further increase in CNT concen-
tration.

6 Summary and Conclusions
This experimental work demonstrated the use of nanofluids to

improve the quenching heat transfer. Water based CNT nanofluids
were prepared and successfully used for a practical quenching
application. The temperature and heat flux at the quenched surface
were calculated through an IHC method. The effect of CNT nano-
fluid on the quenching heat transfer was analyzed based on the
estimated heat flux and surface temperature at the quenched sur-
face. Also, the use of surfactant in the preparation of CNT nano-
fluid was studied during quenching of SS probes in CNT nano-
fluid without agitation. The conclusions drawn from this
experimental work are summarized as follows.

1. There were two peaks in the surface heat flux: �i� the first
peak heat flux during the nucleate boiling and �ii� the second
peak heat flux when the probe surface reached �100°C for
water and CNT nanofluid without any surfactant. But, in the
case of CNT nanofluid prepared with surfactant, there were
three peaks; the first peak within the film boiling stage and
the remaining two were similar as in the other cases.

2. The use of nanofluids as quenchant improved the quenching
heat transfer rate significantly, but the method of preparation
played a major role in determining the heat transfer perfor-
mance of the nanofluids for quenching application.

3. Nanofluids prepared without surfactant enhanced the
quenching heat transfer, and the peak surface heat flux was
improved by 37.5% as compared with that of water.

4. The overall increase in the heat transfer rates during quench-
ing in CNT nanofluids prepared without any surfactant was
due to the higher effective thermal conductivity of CNT
nanofluids and also due to fouling of CNTs onto the probe
surface.

5. Nanofluid prepared with surfactants hindered the heat trans-
fer during quenching, and the peak heat flux during nucleate
boiling was reduced by 24.9% due to the lengthy film boil-
ing as compared with water.

6. Nanofluids for quenching application should strictly avoid
any use of surfactants while preparing the nanofluids if the
intention is to improve the heat transfer rate.

7. CNT nanofluid prepared without surfactant had a slightly
lengthy film boiling as compared with water and if it can be
suppressed by agitation or other means, still higher heat
transfer rates can be achieved and may evolve as an alternate
quench technique to intensive quenching.

8. Though the benefits of the IQ process are applicable to
quenching in CNT nanofluids, the exact consequences of
higher cooling rate achieved by nanofluids are to be thor-

oughly investigated.
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