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Abstract

An investigation was conducted to study the suitability of vegetable oils as bioquenchants for industrial heat treatment. The study
involved the assessment of the severity of quenching and wetting behaviour of conventional and vegetable oil quench media. Quench
severities of sunflower, coconut and palm oils were found to be greater than mineral oil. The quench severity of aqueous media is greater
than oil media although their wettability is poor as indicated by their higher contact angles. A dimensionless contact angle parameter
defined in this work is found to be a better parameter to compare the wetting behaviour with heat transfer.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Quenching of steels involves the process of heating a
part to austenitizing temperature and holding at this tem-
perature for a specified time followed by intense cooling
in a suitable quench medium. Quenching prevents the for-
mation of ferrite or pearlite and allows the formation of
bainite or martensite. The effectiveness of quenching
depends on the cooling characteristics of the quenching
medium and the ability of steel to harden. Achieving
desired hardness, strength or toughness and minimizing
the possibility of occurrence of quench cracks due to evo-
lution of residual stresses are the key indicators of success-
ful hardening process [1,2].

The severity of quenching or the cooling power of a
quench medium is estimated by measuring the thermal
response of a heated probe brought in contact with it. It
is a measure of the ability of a quenchant to extract heat
from a sample during quenching. Cooling curve analysis
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method is most useful for assessing the cooling characteris-
tics of a quenching medium [3,4]. The cooling curve of the
quench probe provides continuous cooling information
throughout the three stages of quenching process, namely,
vapour phase, nucleate boiling and convective cooling [5].
Lumped heat capacitance method, Kobasko’s method
and Grossman’s hardenability method are some of the
techniques available for the assessment of severity of
quench medium. These methods are used purely for assess-
ment of cooling characteristics of quench medium.

Heat removal from the metal during quenching can be
quantified in terms of an interfacial heat transfer coefficient
(h) or interfacial heat flux (q). The interfacial heat transfer
coefficient is defined as the ratio of the interfacial heat flux
(q) to the temperature drop (DT) at the metal/quenchant
interface. A quenchant must impart a sufficiently high
interfacial heat flux to produce high cooling rate. The
inverse modeling of heat conduction enables the determina-
tion of boundary heat flux transients and the specimen sur-
face temperatures. The metal/quenchant interfacial heat
transfer data is useful in simulation based quench process
design that would enable the heat treater to judiciously
select the quench medium for specific applications.
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Nomenclature

A surface area of the probe (m2)
Bi generalized Biot number
C specific heat of the probe material (J/kg K)
h heat transfer coefficient (W/m K)
�h mean heat transfer coefficient (W/m K)
H Grossman hardenability factor (m�1)
k thermal conductivity of the probe material

(J/kg K)
K Kondratjev form factor
q heat flux density (W/m2)
R mean surface roughness (m)
t time (s)
T temperature of the quenchant (�C)
V volume of the probe (m3)
TAN total acid number
IN iodine number

Greek symbols
a thermal diffusivity (m2/s)
/ dimensionless contact angle

c surface energy (J/m2)
m kinematic viscosity (m2/s)
h contact angle (�)
q specific density of the probe material (kg/m3)
s dimensionless time

Subscripts

a average roughness
i initial condition
k Kobosko coefficient
ls liquid–solid interface
lv liquid–vapour interface
n character for use with Kondratjev number
p probe material
m quench medium
r reference condition
v character for use with generalized Biot number
sv solid–vapour interface
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The rate of heat removal from a heated component by a
quenchant also depends on the ability of the liquid medium
to wet and spread on its surface [6]. Wettability can be
characterized by the degree and the rate of wetting [7,8].
The degree of wetting indicates the extent up to which
the liquid wets the surface and generally quantified in terms
of contact angle formed at the three-phase interface. Under
equilibrium conditions it is dependent on the surface and
interfacial energies involved at the solid–liquid interface.
The rate of wetting indicates how fast the liquid spreads
on the surface. It is governed by number of factors like
thermal conditions, viscosity of liquid, surface conditions,
etc. The basic mathematical treatment of wetting of a solid
surface by liquid is given by Young–Dupre equation:

cos h ¼ ðcsv � cslÞ=clv ð1Þ
The above equation assumes equilibrium of interfacial
energies and also gives an expression for equilibrium con-
tact angle (h) formed at the three-phase contact point
[9,10]. For practical purposes, the liquid is said to wet the
surface of solid when the contact angle is less than 90�.
On the other hand, if the contact angle is greater than
90�, the liquid is considered as non-wetting the solid. In
such cases, the liquid drop spreads easily on the substrate
surface and do not have any tendency to enter into pores
or holes by capillary action. It is expected that heat transfer
and wetting characteristics of the quench medium are clo-
sely related. Improved wetting will enhance the rate of heat
transfer from solid to liquid.

Petroleum based oils are generally used as quenchants
for industrial heat treatment. But petroleum based prod-
ucts are non-renewable and can contribute to air and water
pollution. The need to achieve energy independence and
high cost of the crude petroleum is directing so much focus
on vegetable oils and crops that will help to yield these oils.
The use of vegetable oils as quench media (bioquenchants)
has many advantages for industrial heat treatment. Bioqu-
enchants are safer for the environment because these are
available from natural materials that are renewable and
readily biodegradable [11,12].

The present investigation is carried out to explore the
suitability of vegetable oils as bioquenchants for industrial
heat treatment of commercial steels. This would have
immense benefits from the environmental and economical
point of view. The determination of quench severity and
quantification of the boundary conditions at the metal/
quenchant interface would be of considerable utility to
the heat treating community. There are several methods
of assessment of severity of quenching and heat transfer
from the probe to the quench medium. It is essential to
compare the various techniques to obtain a meaningful
estimate of the cooling power of the quench medium. This
data would be useful to assess the possibility of replacing
petroleum based quench media by vegetable oil quen-
chants. Further, the wetting behaviour of bioquenchants
and its interaction with heat transfer phenomenon is not
yet investigated. Hence the present work is carried out with
the following objectives:

(i) Evaluation of the various methods of assessment of
severity of quenching of bioquenchants.

(ii) Estimation and comparison of quench severity of bio-
quenchants with conventional quench media.
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(iii) Assessment of wetting behaviour of quench media
and investigation of interaction between wetting
and cooling kinetics of the quench medium.
2. Experimental

The experimental set-up for estimation of quench sever-
ity consists of a vertical tubular electric resistance furnace
open at both ends. A beaker containing 2000 ml of quen-
chant was placed directly underneath the furnace so that
the heated probe could be transferred quickly to the
quenching medium. Water, 5% brine and a mineral oil
(SN150) were selected as quench media. Apart from these
conventional quenchants, five vegetable oils namely, coco-
nut, sunflower, palm, castor and groundnut oils were used.
Quench probes for end and lateral quenching were pre-
pared from Type 304 stainless steels and used for assess-
ment of severity of quench and assessment of metal/
quenchant interfacial heat transfer. Stainless steel (Type
304) material was selected over carbon steels to avoid the
effect of phase transformation on heat transfer. The lateral
quench probe had a diameter of 12 mm and height 60 mm.
The height to diameter ratio for this quench probe was 5
and this ensures heat transfer in the radial direction. How-
ever, for the end quench probe the diameter and height
were 25 mm and 50 mm, respectively. Inverse analysis tech-
nique was adopted for the end quench probe for estimation
of heat flux transients. All the probes were instrumented
with K-type thermocouples of 0.45 mm diameter. The
dimensions of the probes and locations of the thermocou-
ples (TC/TC1/TC2) are given in Fig. 1a and b, respectively.
All the thermocouples were connected by means of com-
pensating cables to a data-logger interfaced with the com-
puter. The probe was heated to 850 �C in an electric
resistance furnace and held vertically inside the furnace
using a nichrome wire for 5 min and was transferred to a
beaker containing 2000 ml of the quenchant placed directly
beneath the furnace. The transfer of the probe to the
quench bath was done manually using the nichrome wire
wound over a pulley attached to the top of the furnace.
The process of transfer of the probe to the quench bath
took less than 3 s.
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Fig. 1. Schematic sketches of (a) lateral quenching set-up and (b) end
quenching set-up.
The following sets of experiments were carried out:

1. Lateral quenching of Type 304 stainless steel probe to
assess the severity of quenching.

2. End quenching of Type 304 stainless steel probe and
AISI 1040 steel to estimate the surface heat flux
transients.

The experimental set-up for wetting studies consists of a
dynamic contact angle analyzer (Model: FTA 200 – First
Ten Ångstroms, Virginia, USA) which is capable of captur-
ing and analyzing the spreading process of a liquid on a
solid. The equipment has a flexible video system for mea-
suring contact angle, surface and interfacial energies. Six
oils (mineral, palm, coconut, groundnut, castor and sun-
flower) along with 5% brine and water were used as test liq-
uids for wetting studies on stainless steel substrates in the
temperature range of 30–175 �C. A droplet of test liquid
was dispensed by the nozzle onto the steel substrate and
spreading phenomena was recorded at 60 frames/s. Cap-
tured images were analyzed using FTA software to deter-
mine the wetting parameters.

Physical properties of the test liquids like kinematic vis-
cosity, total acid value and iodine value were also deter-
mined experimentally. Viscosity of the oil was measured
using a Saybolt Viscometer. The total acid number
(TAN) and iodine number (IN) were experimentally deter-
mined by a procedure as outlined in IS: 548 Part I-1964.

3. Assessment of quench severity – theoretical background

3.1. Grossman hardenability factor (H)

The Grossman quench severity (H) factor is calculated
from cooling curve analysis during quenching. Tempera-
ture–time curves at the centre of the probe were generated
for various values of mean heat transfer coefficients varying
from 100 to 3000 W/m2 K by solving the one dimensional
Fourier heat conduction directly using explicit finite differ-
ence method. The probes used for simulation and experi-
mental processes are of same dimensions. Fig. 2 shows
the cooling curves estimated for varying values of heat
transfer coefficient. The peak cooling rates are determined
from the simulated cooling curves. The peak cooling rates
are plotted as a function of heat transfer coefficient as
shown in Fig. 3. The plot is used for estimating the mean
heat transfer coefficient from the experimentally deter-
mined cooling rates. The Grossman hardenability factor
(H) was then calculated as

H ¼ h=2k ð2Þ
3.2. Kobasko’s method

Heat transfer coefficient (hk) can be calculated from the
correlation between Kondratjev number (Kn) and general-
ized Biot number (Biv) [13]. The cooling rate (C.R.) found
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Fig. 3. Peak cooling rate vs mean heat transfer coefficient.
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Fig. 2. Effect of heat transfer coefficient on cooling curves.
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from two points on the cooling curve corresponding to
time t1 and t2 as

C:R: ¼ lnðT 1 � T qÞ � lnðT 2 � T qÞ
t2 � t1

ð3Þ

where Tq is the temperature of quenchant, K; T1 and T2 are
temperatures of the probe at time t1 and t2, respectively, K.

From the value of C.R., the Kondratjev number (Kn) is
calculated as

Kn ¼ C:R:
K
a

ð4Þ

For a cylindrical specimen, K ¼ R2

5:783
.

The correlation between Kn and the generalized Biot
number (Biv) is

Kn ¼
Biv

ðBi2
v þ 1:437Biv þ 1Þ1=2

ð5Þ
The heat transfer coefficient (hk) is calculated from the gen-
eralized Biot number as

hk ¼
BivkV

KA
ð6Þ

Kobosko’s technique can be adopted for probes having dif-
ferent sizes.

3.3. Inverse analysis

The advantage of using inverse method is that only the
temperature data measured at some proper interior loca-
tions of the work-piece are used to calculate surface heat
flux transients. The information on exterior conditions such
as the properties of cooling media, which are essential in the
direct approach, was not required in the inverse method
[14–16]. Due to intense heat transfer, significant tempera-
ture gradients are achieved close to the quenched surface,
which is advantageous for the result of the inverse solution
[17,18]. Beck [19] developed a non-linear estimation tech-
nique to analyze the transient heat transfer at the metal/
quenchant interface. The one dimensional Fourier heat con-
duction equation in cylindrical coordinates given below,

qC
oT
ot
¼ k

r
o

or
r
oT
or

� �
ð7Þ

was solved inversely. In this inverse technique, the surface
heat flux density is estimated from the knowledge of mea-
sured temperatures inside a heat conducting solid. This is
done by minimizing function:

F ðqÞ ¼
XMs

i¼1

ðT nþ1 � Y nþ1Þ2 ð8Þ

where s is a small integer and M ¼ DH
Dt at regular finite differ-

ence intervals. Tn is the calculated temperature and Yn is the
measured temperature at a location close to metal/quen-
chant interface (TC1). The problem is to find the value of
q, which minimizes the sum of the square deviation of the
experimentally measured temperatures at TC1 from the
estimated temperatures at the same location. DH and Dt

are the time steps for the estimation of heat flux and temper-
ature, respectively. Applying the condition oF

oq ¼ 0 on Eq.
(3.10) for minimization, the correction for the heat flux
(Dq) at each iteration step is estimated. This procedure is

continued until the ratio Dq
q

� �
becomes less than 0.005. This

procedure simultaneously yields the temperature of the
specimen surface in contact with the quench medium and
the interfacial heat flux. The mathematical details of the in-
verse method as applied to quenching are given in Ref. [20].

4. Results and discussion

4.1. Severity of quench media

Fig. 4 shows the cooling curve and cooling rates at the
centre of the Type 304 stainless steel probe subjected to lat-
eral quenching in 5% brine and castor oil.
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4.1.1. Grossman quench severity factor

The Grossman quench severity (H) was estimated to
assess the quench severity of quench media. Fig. 5 shows
the H factors obtained with different quench media. Higher
H factor values were obtained for aqueous media. Among
oils, castor oil shows the lowest (11.81 m�1) H factor. Both
sunflower and coconut oils yielded similar value of H

(21.65 m�1). Conventional mineral oil (18.50 m�1) yielded
lower H factor than palm oil (20.47 m�1). Grossman’s
method was not able to distinguish quench media having
nearly the same magnitude of severity of quenching.
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4.1.2. Kobasko’s method

The variation of heat transfer coefficient (hk) with time
during lateral quenching of stainless steel probe (Type
304) in various quench media are shown in Figs. 6–8. Max-
Fig. 5. Grossman H factors estimated for various quench media.

Fig. 7. Variation of heat transfer coefficients (hk) with time during
immersion quenching of stainless steel probe in oil media.
imum peak heat transfer coefficient of 1255 W/m2 K was
obtained for 5% brine and minimum peak heat transfer
coefficient of 528 W/m2 K was obtained for castor oil.
The peak heat transfer coefficients were obtained during
nucleate boiling stage for all the quench media. The
enhanced convective transfer of quenchant at the onset of
nucleate boiling stage causes a sudden rise in the rate of
cooling resulting in higher heat transfer. The cooling rate
and heat transfer coefficient were found to be strongly
dependent on the viscosity of quench oil. A lower heat
transfer rate was observed with higher viscosity oils.
Higher viscosity castor oil shows the lowest peak heat
transfer coefficient as compared to other oil media whereas
lower viscosity sunflower (721 W/m2 K) and coconut oils
(708 W/m2 K) show maximum peak heat transfer coeffi-
cients. The peak heat transfer coefficient of palm oil
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(691 W/m2 K) was higher than conventional mineral oil
(672 W/m2 K).
4.1.3. Inverse analysis

The variation of heat flux transients with surface tem-
perature during end quenching of stainless steel probe
(Type 304) in various quench media is shown in Fig. 9.
The heat flux values were low in the initial period of
quenching due to the insulating effect of the vapour blanket
for all the quench media. The duration of the existence of
vapour blanket stage was more for oil media as compared
with the aqueous media. The nucleate boiling stage was
delayed in oil quenchants compared with aqueous quench
media. Heat flux attained its maximum value during the
beginning of nucleate boiling stage for all quench media.
Peak heat fluxes were obtained in 5% brine and castor oil
at about 14.7 and 24.6 s, respectively. During boiling, the
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Fig. 9. Variation of heat flux transients with surface temperature during
end quenching of stainless steel probe in various quench media.
nucleation of bubbles begins to form at the surface. The
bubble growth occurs as a result of evaporation of liquid
all around the bubble interface. The energy required for
evaporation is supplied by superheated liquid layer that
surrounds the bubble. Most of the evaporation occurs at
the base of the bubble and the interface [21]. Photographs
of stainless steel probe during quenching in palm oil are
shown in Fig. 10. Fig. 10a and b shows the formation of
a vapour blanket over the entire surface of the probe.
The transition of vapour blanket phase to nucleate boiling
is indicated in Fig. 10c. Fig. 10d and e shows the nucleate
boiling of the medium accompanied by intensive cooling of
the probe. The end of nucleate boiling and start of convec-
tive cooling is shown in Fig. 10f. The bubble formation
starts at the lower end and ascends to the top of the probe
in both aqueous and oil media. In aqueous media like
water and brine the formation, growth and departure of
bubble would take place easily and require low superheat
due to their low viscosity and low boiling point. Due to
their high boiling points and viscosities, oil quenchants
require more amount of heat for nucleation and growth
of the bubble. After bubble inception, the superheated
liquid layer is pushed outward and mixes with the bulk
liquid. The space vacated by the bubble after departure
was filled with liquid from the cold pool. The larger size
of the bubble increases the amount of cold liquid to contact
the interface of the probe resulting in higher rate of heat
transfer. Among vegetable oils, sunflower, coconut and
palm oils show higher heat flux transients. Evaporation
of the liquid to form the bubble might be easier in these
low viscosity oils leading to larger size of the bubble result-
ing in higher rate of heat transfer. The water and brine
quenchants showed a sharp peak in the heat flux transient
curve compared with oil quenchants. The occurrence of
peak was followed by a sharp decrease in heat flux tran-
sients at the specimen/quenchant interface indicating negli-
gible thermal gradients inside the specimen at the later
stages of cooling.

A maximum heat flux of 846 kW/m2 was obtained with
5% brine solution and the castor oil yielded the lowest peak
heat flux value of 401 kW/m2. Heat flux obtained during
quenching in palm oil (577 kW/m2) was higher than min-
eral oil (472 kW/m2). End quenching results also showed
that cooling rate was strongly dependent on viscosity of
quenching oils. Oils with higher viscosity offers greater
resistance to the motion of vapour bubbles during nucleate
boiling stage and the supply of cold liquid to the heated
surface is reduced. This results in lower peak heat flux tran-
sients during quenching of stainless steel probe in higher
viscosity castor oil. The thinning of oil at higher tempera-
tures offsets the effect of increase in temperature and thus
maintaining peak heat transfer rates for a longer time. Peak
heat transfer coefficients are estimated for all the quench
media.

The viscosities of water and brine solution at 27 �C are
1 � 10�3 Pa s and 2 � 10�3 Pa s, respectively. The variation
of viscosity of oil quenchants with temperature is shown in



Fig. 10. Photographs of stainless steel probe during quenching in palm oil: (a)–(b) formation of vapour blanket, (c) end of vapour phase and start of
nucleate boiling, (d)–(e) nucleate boiling and intensive cooling, and (f) end of nucleate boiling and start of convective cooling.
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Fig. 11. The viscosity of palm oil in the temperature range
of 100–140 �C was significantly lower. Temperature of palm
oil during end quenching was around 140 �C. Although the
viscosity of palm oil is higher at lower temperature
(m30 �C = 0.883 � 10�4 m2/s), its viscosity decreases signifi-
cantly at higher temperatures (m150 �C = 0.064 � 10�4 m2/s)
and this contributes to higher rates of heat transfer during
quenching in palm oil. Further, all vegetable oils used in
the present investigation have higher flash and fire points
compared to the mineral oil as shown in Table 1.

A comparison of severity of quench assessed by cooling
curve analysis with measured hardness during end quench-
ing of AISI 1040 steel in various quench media is shown in
Table 2. Brine quenched specimens showed higher hardness
compared to that obtained with water quenched samples
although the viscosity of brine is more than twice that of
water. This is due to the existence of a stable vapour phase
film during water quenching. During quenching with brine,
it is likely that a localized increase in the concentration of
the sodium chloride would occur near the specimen due to



Fig. 12. Images showing contact angle relaxation of water on stainless
steel substrate at (a) 30 �C and (b) 75 �C.

Table 1
Flash, fire and boiling points of oil quenchants

Quench oil Flash point (�C) Fire point (�C) Boiling point (�C)

Sunflower 255 280 205
Coconut 258 304 200
Palm 300 335 255
Mineral (SN150) 230 260 172
Groundnut 312 340 260
Castor 285 315 245

Table 2
Comparison of quench severity and hardness of AISI 1040 steel during
end quenching

Quench medium Grossman quench severity (m�1) Hardness (Ra)

Brine (5%) 47 63
Water 38.5 62
Sun flower oil 21.6 53
Coconut oil 21.6 53
Palm oil 20.8 51
Mineral oil 18.4 50
Groundnut oil 16.1 47
Castor oil 12 47

Table 3
Heat transfer coefficients estimated by different techniques

Quench
medium

Estimated heat transfer coefficient, h (W/m2 K)

Grossman’s
method

Kobasko’s
method

Inverse analysis – end
quench

5% Brine 2258 1255 1516
Water 1848 1100 1480
Sunflower

oil
1037 721 1158

Coconut oil 1037 708 1082
Palm oil 998 691 1072
Mineral oil 884 672 841
Groundnut

oil
774 600 802

Castor oil 567 528 764
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the evaporation of water. This could result in the destabi-
lization of the insulating vapour blanket increasing the rate
of heat transfer from the specimen to the quench medium.
It is interesting to note that the castor oil with the lowest
severity of quenching yielded specimens having lower val-
ues of hardness compared to that obtained with other
quench media.

Quench severity of aqueous and oil media used in the
present investigation are arranged in the following order:

Brine > Water > Sunflower oil > Coconut oil > Palm oil

> Mineral oil > Groundnut oil > Castor oil

The severity of quenching of sunflower, coconut and palm
oils was higher compared to mineral oil. These vegetable oils
could be used as quench media for industrial heat treatment.
Table 3 gives the heat transfer coefficients estimated by the
three different techniques adopted in the present work. The
heat transfer coefficients estimated by Grossman’s tech-
nique ð�hÞ and the inverse analysis (hmax) are higher as com-
pared to the Kobasko’s technique (hmax). However, the
variation of heat transfer coefficients for different oils is sim-
ilar. For example, a lowest heat transfer coefficient was ob-
tained for castor oils in all the three techniques.
4.1.4. Wetting behaviour

Figs. 12 and 13 show the images of sessile drops of water
and castor oil at various temperatures, respectively. Fig. 14
shows the relaxation of various quench media on a stainless



Fig. 13. Images showing contact angle relaxation of castor oil on stainless
steel substrate at (a) 30 �C, (b) 75 �C and (c) 175 �C.
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steel plate at 30 �C. The relaxation of contact angle was
rapid during early stages and it became gradual as the sys-
tem approached equilibrium. Higher contact angles were
obtained for water. The change of contact angle during
relaxation was low for water indicating low spreading.
However, contact angles significantly decreased during
spreading of oil media. It shows that the equilibrium con-
tact angle decreases with increase in the temperature of
the substrate.

Fig. 15 shows the temperature dependency of spreading
of quench media. The time required to reach the equilib-
rium state decreases with increase in temperature. Less time
was required to reach the equilibrium state for aqueous
media as compared to oil media. The time taken to reach
the equilibrium contact angle for brine at different temper-
atures of the stainless steel substrate was more as compared
to water. For example, the time taken to reach equilibrium
contact angle for brine was 799 ms and for water was
416 ms at 30 �C. This indicated that spreading of brine
was more than water on stainless steel substrate. Highest
relaxation time (1433 ms at 30 �C) was obtained for castor
oil to reach equilibrium state and lowest time (866 ms at
30 �C) was obtained for sunflower oil. Mineral oil showed
an intermediate value (1233 ms at 30 �C). The relaxation
time decreased to 750, 250, 417 ms for castor, sunflower
and mineral oils on stainless steel substrate at 175 �C,
respectively.
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Figs. 16 and 17 show the typical plots of spread area vs
time for brine and castor, respectively. The spreading was
significant for all quench media at higher temperatures.
Low spreading was observed in aqueous media as com-
pared to oil media. Higher spread area is the indication
of the spreading of liquid drop during relaxation resulting
in lower contact angle. Oils started spreading rapidly with a
relatively high spread velocity resulting in a sharp increase
of the base area during early stages of spreading. However,
within a very short period the spreading rate significantly
reduced to almost zero indicating the condition of stabil-
ization. This is due to the attainment of equilibrium
between the various surface forces under action.

The spreading behaviour of various oils on stainless
steel substrate at different temperatures consisted of three
stages, namely, capillary, gravity and viscous regimes. Cap-
illary action is the dominating factor during initial stages of
the spreading of liquid and this initial stage is called as cap-
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Fig. 16. Variation of spread area with time during spreading of 5% brine
on stainless steel substrate.
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Fig. 17. Variation of spread area with time during spreading of castor oil
on stainless steel substrate.
illary regime. Capillary action is the ability of a substance
to draw a liquid against the force of gravity. It occurs when
the adhesive intermolecular forces between the liquid and a
solid are stronger than the cohesive intermolecular forces
within the liquid. Gravitational force is the deciding factor
in gravity regime. Viscous force is the dominating force, to
cease the flow of liquid due to intermolecular resistance in
viscous regime. Fig. 18 shows the effect of temperature on
spreading of sunflower oil. The spreading begins with an
initial capillary regime followed by a gravity regime and
ends in viscous regime. At lower temperature (30 �C) the
spreading was still in the gravity regime with nearly a con-
stant slope which indicates that the spreading of the oil has
not been terminated. However, at higher temperature
(175 �C), sunflower oil spreading was almost terminated
and this was indicated by the existence of viscous regime.

Fig. 19 shows the effect of temperature on the spreading
of sunflower, palm and castor oils. A similar behaviour was
0.2

0.4

0.6

0.8

1

0 2 4 6 8
ln(TIME), ms

ln
(B

A
S

E
 R

A
D

IU
S

),
 m

m
30 °C
75 °C
175 °C

c

a

b

b c

c

b

Fig. 18. Effect of temperature on spreading of sunflower oil on stainless
steel substrate showing (a) capillary, (b) gravity and (c) viscous regimes.
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observed during spreading of other quench oils as well at
different temperatures. A comparison of the spreading
behaviour at various temperatures indicated the significant
difference between lower viscosity and higher viscosity oils.
The increase in temperature of the substrate accelerates the
spreading of oil medium. The increase in temperature
reduces the viscosity of the liquid resulting in the increase
of the ease of spreading. Among oils, lower viscosity oils
like sunflower and coconut oils show higher base radius
as compared to higher viscosity castor oil. Higher viscosity
oil offers greater resistance to flow as compared to lower
viscosity oil resulting in lower contact area as shown in
the spreading of castor oil. Conventional mineral oil
(SN150) exhibited the intermediate spreading behaviour.
0 0.5 1 1.5
DIMENSIONLESS TIME (τ)

Fig. 21. Relaxation of dimensionless contact angles of quench media on
stainless steel substrate at 75 �C.
4.1.5. Dimensionless contact angle parameter
The severity of quenching of aqueous media was greater

than oil media although their wettability was poor as indi-
cated by their higher contact angles. It is not possible to
relate the wetting behaviour of both aqueous and oil
quench media with the rate of heat transfer from the probe
to the quench medium. Hence two dimensionless parame-
ters / and s are defined to represent contact angle and time
variables, respectively, in order to carryout at a meaningful
comparison of wetting behaviour with heat transfer for
both aqueous and oil quench media. The dimensionless
contact angle relates the degree of wetting (contact angle)
with the rate of wetting (spreading) of quench media.
The dimensionless contact angle (/) is defined as / =
(h � hr)/(hi � hr). The reference contact angle (hr) is defined
as the value of h beyond which dh/dt is 60.01 �/ms. Dimen-
sionless time (s) is defined as s = (t/tr). tr is the time taken
for the drop to evolve from hi to hr on a substrate and t is
the transient time. Figs. 20 and 21 show the variation of
dimensionless contact angle with dimensionless time of var-
ious quench media on a stainless steel substrate at 30 �C
and 75 �C, respectively. The analysis revealed that the
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Fig. 20. Relaxation of dimensionless contact angles of quench media on
stainless steel substrate at 30 �C.
relaxation of dimensionless contact angle for aqueous
media was faster compared to oil media although the abso-
lute values of contact angles of aqueous media were higher.
Among oil quenchants, the sunflower oil showed a sharp
decrease in the dynamic dimensionless contact angle as
compared to other oils. The results of wetting behaviour
and heat transfer analysis were found to be in good agree-
ment. The wetting characteristics and quench severities of
palm oil and mineral oil were comparable. However it is
important to assess and compare the thermal stability of
palm oil with mineral oil.
4.1.6. Thermal stability of oil quench media

The thermal stability of oil is defined as the resistance to
thermal degradation and it was determined by finding the
total acid number (TAN) and iodine number (IN). Total
acid number (TAN) is defined as the amount of potassium
hydroxide (in mg) necessary to neutralize the free fatty
acids in 1 g of oil sample [12]. Iodine number of oil is
amount of iodine (in g) absorbed by 100 g of oil or fat.
The TAN value of the oil is an indication of the level of
oxidation. Oxidation of the quench oil takes place due to
repeated heating and cooling. Iodine number measures
the level of unsaturated fats and oils. The TAN of both
palm oil and mineral oil increased with ageing. However
iodine numbers of both oils decrease with increase in the
number of quench cycles. The effect of ageing on TAN
and IN of both palm and mineral oils are shown in Figs.
22 and 23, respectively. The total acid number of mineral
oil is considerably higher at about 15.6 mg of KOH/g after
about 200 thermal cycles. The corresponding TAN of palm
oil is only 8.7 mg of KOH/g. A similar trend was observed
for variation in the iodine number (IN) with thermal
cycling. The rate of change of TAN and IN of palm oil
on thermal cycling was negligible as compared to the min-
eral oil. The dynamic contact angle increased on thermal
ageing of both palm and mineral oils as shown in
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Fig. 24. It was also observed that dynamic contact angles
of palm oil were lower than mineral oil. The results show
that the thermal stability of palm oil is better than mineral
oil. Palm oil is thus safer compared to mineral oil and its
thermal stability is superior to mineral oil. Thus palm oil
could be exploited as an effective bioquenchant for indus-
trial heat treatment.

5. Conclusions

1. Grossman quench severity factor (H) is an effective tool
to assess the severity of quenching of aqueous and oil
media. However it cannot distinguish various bioquen-
chants having only a slight difference in the severity of
quenching among them. Inverse analysis is more suit-
able for the assessment of quench severity of
bioquenchants.

2. Among vegetable oils, highest heat transfer coefficients
were obtained for sunflower oil and lowest heat transfer
coefficients were obtained for castor oil.

3. The heat flux during quenching was found to be strongly
influenced by the viscosity of quench media. Oils with
higher viscosity resulted in reduced cooling rates.

4. Based on the heat flow parameters, the quench severities
of various bioquenchants and mineral oil are arranged
in the following order:

Sunflower oil > Coconut oil > Palm oil > Mineral oil

> Groundnut oil > Castor oil

5. A higher degree of spreading was observed in oil media
as compared to aqueous media. The time required for
relaxation of droplet of quench medium decreased with
increase in temperature of the substrate.

6. Although the wettability of aqueous quench media is
poor, their severity of quenching is greater than oil
media. For oils, higher rate of heat transfer was associ-
ated with higher wettability of the medium. Dimension-
less contact angle [/ = (h � hr)/(hi � hr)] defined in the
present work was found to be a better parameter to
compare the wetting behaviour of aqueous as well as
oil quench media with the severity of quenching.

7. Total acid number (TAN) increased and iodine number
(IN) decreased on thermal cycling of quench oils. The
change in total acid number and iodine number on ther-
mal cycling was negligible in palm oil as compared to
mineral oil. The thermal stability of palm oil is thus
superior to mineral oil.
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