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Abstract

In the paper the results of testing three types of FUCHS oils: Thermisol QH 120, Thermisol QH 10 and Thermisol QB 46
are discussed. The main attention is paid to critical heat flux densities evaluation because they create a basis for optimizing cooling
intensity of any liquid quenchant. In the paper is underlined that any film boiling during quenching is undesirable since it is a reason
for big distortion and non-uniform surface harness. It is shown that intensive quenching decreases distortion of steel parts during
quenching. To eliminate film boiling during quenching in mineral oils, optimal temperature of oil should be chosen which maximize
the first critical heat flux density and special additives should be used to decrease initial heat flux by creating surface micro-coating.
Along with the evaluation of heat transfer coefficients, critical heat flux densities inherent to liquid quenchant must be measured first
to optimize quenching processes. International DATABASE on cooling characteristics of liquid quenchants must include critical
heat flux densities, initial heat flux densities, and heat transfer coefficients allowing optimizing and governing quenching processes.
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1. Introduction

In the paper a main attention is paid to critical and initial heat flux densities which should
be included in DATABASE which is currently developing by international team in the frame of
International Federation for Heat Treatment and Surface Engineering (IFHTSE). It is shown that
critical heat flux densities are the main parameters in the first step of evaluating cooling capacity
the different kinds of quenchants. Depending on a ratio between initial and the first critical heat
flux, it could be four possible heat-transfer modes on their hot metal surface [1, 2]. At the first type
of heat-transfer mode full film boiling and nucleate boiling are present simultaneously on the probe
surface. The rewetting front accompanying the transition from full film boiling, which occurs
during the cooling process, typically moves axially along the metal surface during cooling. At the
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second type of heat-transfer mode initially, film boiling occurs over the entire hot metal surface. At
a certain point in time, nucleate boiling instantaneously replaces film boiling. When boiling ceases,
convection heat transfer occurs [1, 2]. At the third type of heat-transfer mode some localized areas
of the probe surface are covered by a vapor blanket, whereas at the same time other areas experi-
ence nucleate boiling. At fourth type of heat-transfer mode the film boiling and nucleate boiling
periodically replace each other during quenching [1, 2]. For each type of nucleate boiling process
its own specific boundary condition are used to solve correctly direct and inverse heat conductivity
problems. It means that it is impossible to solve mentioned above direct and inverse problem with-
out knowing the type of heat transfer mode. Authors of current work in their investigations used
additional tools like noise control system and high speed video recording to be sure that type of
film boiling was chosen correctly. In the paper the second type of heat transfer mode is considered
since it was observed during testing of Inconel 600 probe in three types of oils: Thermisol QH 120,
Thermisol QH 10 and Thermisol QB 46 delivered by IFHTSE for Robin Round testing with the
aim of designing Liquid Quenchant Database. These oils differ from each other by their viscosity
and are widely use in practice. Taking into account that for each mineral oil exists optimal bath
temperature where the first critical heat flux density has maximum value (Fig. 1). It was decided to
make testing for three types of oils within the wide diapason of temperatures: 30 °C, 50 °C, 70 °C,
90 °C and 110 °C.
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Fig. 1. The first critical heat flux density q_, versus temperature of mineral oils:
1 — MZM-120; 2 — MS; 3 — Effectol; 4 — MZM-16 [3]

As seen from Fig. 1, there is an optimal temperature for mineral oils where the first critical
heat flux density reaches maximum value. That is why, it is important for practical use investigate
three types of FUCHS oils at elevated temperatures.

2. Simplified procedure for evaluating critical heat flux densities

For evaluating critical heat flux densities, developed film boiling during quenching
should take place. For this purpose standard probe made of high thermal conductivity mate-
rial, for example silver, should be used. Standard Inconel 600 probe also can provide informa-
tion on critical heat flux densities if film boiling during quenching is clearly seen [4, 5]. Mea-
suring transition temperature from film boiling to nucleate boiling and evaluating heat transfer
coefficient at this temperature, it is possible to calculate the second critical heat flux densi-
ty q,,,- The first critical heat flux density is evaluated then from the well known correlation
q.,,/9.,=0.2 [6-8]. Heat transfer coefficients (HTC) are evaluated by solving inverse problem
[9]. For evaluating HTC, author of the paper used regular thermal condition theory [10] which
provides good results of calculation for any Biot number Bi with the accuracy about +3 %.
Below, the main equation of regular thermal condition theory are considered and examples of
calculating critical heat flux density is provided. To make such calculations, cooling curves and
cooling rates should be available (Fig. 2, 3).
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Fig. 2. Cooling curves for different types of oils at 50 °C:
1 — Thermisol QH 120; 2 — Thermisol QH 10; 3 — Thermisol QB 46
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Fig. 3. Cooling rate for different types of oils at 50°C:
1 — Thermisol QH 120; 2 — Thermisol QH 10; 3 — Thermisol QB 46

Kondratjev number Kn, according to regular thermal condition, is evaluated as [6, 10]:

Kn = vk

- (1)

Generalized Biot number is evaluated from universal correlation

Bi,

— : @
4/ Bi,” +1.437Bi, +1

Kn =wyBi, or Kn=

and then heat transfer coefficient is evaluated as:
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The second critical heat flux density is calculated from the equation
qcr2 = aF (Ttr - Tm ) (4)

Taking into account that q_,/q_,=0.2, it easy to calculate approximately the first critical heat
flux density using Eq. (5) [11]:

qcrl = 5CX‘F (Ttr - Tm ) (5)

Let’s calculate critical heat flux densities from data provided in Fig. 2. Minimum cooling rate
for oil Thermisol QH 10 is 29 °C/s at core temperature 740 °C. Thermal conductivity and thermal
diffusivity at this temperature are: 26 W/mK and 5.65x10-° m%/s. According to (1), Kn is calculated as

29 °C/sx6.75x10° m*

- =0.05.
5.65%10°m> /s(740 °C—50 °c)

Generalized Biot number according to Eq. (2) is 0.055. It means that

2 mK x 0. .0062
& = IW/ ><0055i<600206 5m=738W/m2K;
2%X6.75x10"° m

Aoz =738 W/m’K x(740 °C=50 °C) = 509220 W/ m’;

Qe = 5% 738 W/m’K x (740 °C =50 °C) =2.55 MW /m’,

As seen from Fig. 1, the first critical heat flux density for Thermisol QH 10 is equal to Ef-
fectol oil (curve 3).

3. Effect of oil temperature on its cooling characteristics

Temperature of Thermisol oil QH 120 affects considerably its cooling characteristics as
shown in Fig. 4. Along with increasing critical heat flux densities, temperature increases heat
transfer coefficients providing more uniform and more accelerated cooling of steel parts. To proof
this statement, below maximal HTCs are calculated using (1)—(5):

At temperature 30 °C

_76°C/sx6.75%x10° m’
5.4m? /s(612 °C-30 °c)

=0.16 and Bi, =0.18.

HTC in this case is equal to

o= 23.7 W/ mK x0.18x0.00625 m

— =1975 W/m’K .
2%6.75%10°m

At temperature 110 °C

Lo 1125 °C/sx6.75%10° m’
5.45m’ /s(648 °C-110 °c)
36

=0.26 and Bi, = 0.325.
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o= 24.8 W/mK x0.325x0.00625 m
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=3730 W/m’K.
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Increasing is 1.88 times.
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Fig. 4. Cooling curves and cooling rates depending on temperature of Thermisol QH 120 oil:
1-30°C;2-50°C;3-70°C; 4—
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Fig. 5. Cooling curves and cooling rates depending on temperature of Thermisol QH 10 oil:

1-30°C;2-50°C;3-70°C; 4 -

The Thermisol QH 120 is high quality oil with a

90 °C; 5-110°C

low level of evaporation and can work

at elevated temperature as a quenchant reducing significantly distortion. In contrast to Ther-
misol QH 120 oil, Thermisol QH 10 oil doesn’t react significantly on its temperature changing
(Fig. 5). With increase temperature critical heat flux densities and HTCs increase insignificantly.
For example, at temperature 30 °C

_121°C/s%6.75x10°m’
535m> /s(579 °C-30 °c)

HTC in this case is equal to

o= 237 W/ mK x0.36 x0.00625 m
2x6.75%10°m?

37

=0.278 and Bi, = 0.36.

=3830 W/m’K .
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At temperature 110 °C

C111.2°C/$x6.75x10° m?
52m’ /s(549 °C—110 °c)

=0.329 and Bi, =0.442.

In this case HTC is equal to

=4645W/m’K .

o = 22.7 W/ mK x0.442 % 0.00625 m
2x6.75x107° m?

Increasing is 1.2 times.

Experiments and calculations show that Thermal QH 10 oil is stable and insignificantly
changes with changing its temperature. Manufacturer FUCHS is recommended this oil for forgings
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directly from the forge heat, quenching of wrought materials, screws and springs [12].
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Fig. 6. Cooling curves and cooling rates depending on temperature of Thermisol QB 46 oil:

1-30°C;2-50°C;3-70°C;4-90°C; 5-110°C

At temperature 30 °C

_ 47.6°C/sx6.75x10°m’
5.17 m2/s(537 °C-30 °c)

=0.123 and Bi, =0.14.

HTC in this case is equal to

o = 22.5 W/mKx0.14x0.00625 m

— =1460 W/ m’K.
2x6.75x10°m

At temperature 110 °C

_ 64.1°C/5x6.75x10° m’
52m’ /s(553 °C-110 °c)

=0.188 and Bi, =0.22.
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In this case HTC is equal to

o = 22.7 W /mK x0.22x0.00625 m
2x6.75x107° m’

=2310 W/m’K.

Increasing is 1.58 times.

Thermisol QB 46 oil (Fig. 6) provides uniform cooling and is thermal stable. It displays
good resistance to ageing and do not evaporate excessively [12].

Thus, increasing temperature of oil increases the first critical heat flux density and HTC that
in many cases eliminates undesirable film boiling. Also, special additives creating micro-insulat-

ing layer on the surface of steel parts are used to decrease initial heat flux density and by this way
eliminate film boiling (Fig. 7) [13, 14].
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Fig. 7. Temperature T and cooling rate T" at the center of Inconel 600 probe 10 mm in diameter
and 30 mm long versus time when quenching in oil I-20 A at 50 °C: 1 — no additives at all;
2-7 % of PIB 950; 3—5 % of PIB 1300; 44 % of PIB 2400 [13, 14]

As seen from Fig. 7, a small amount of PIB additives decrease completely film boiling
during quenching due to creation of an insulating layer [13, 14]. This is a new approach in con-
trolling cooling intensity of liquid quenchants.

4. Discussion

In last decade, numerous experiments were fulfilled to show that intensive and uniform
quenching doesn’t decrease distortion. In contrary, it decreases distortion (Fig. 8) [6].

Keyway shaft 6.4 x 6.4 mm keyway
Granite flat surface block | Bow height

Fig. 8. Keyway shaft distortions [6]

Many others experiments were made connected with the measuring distortion of cylindri-
cal steel parts after quenching in water flow up to 12 m/s where distortion was minimal (Fig. 8,
Table 5). It means that film boiling can be eliminated completely without resulting in increasing
distortion.

Thus, critical heat flux densities are very important values responsible for eliminating film
boiling processes and they should be in DATABASE as a characteristic of any liquid quenchant.

39

Material Science



Reports on research (2017), «kEUREKA: Physics and Engineering»
projects Number 4

Also, special additives to liquid quenchant should be investigated which create insulating layers on
the surface of steel parts and contemporary methods for their testing should be developed. Some
information concerning this issue is provided in [16-21].

Table 5
Keyway distortion measurements [6]
Batch oil Single oil Single IQ
0.25-0.51 mm 0.20—0.36 mm 0.08-0.12 mm

5. Conclusions

1. Liquid quenchant database should contain critical heat flux densities as the main parame-
ters for any liquid used as a quenchant.

2. There is an optimal temperature of liquid where critical heat flux densities are maximal
and distortion after quenching steel parts in optimal condition is minimal.

3. Any film boiling, especially local film boiling, during quenching is undesirable since it is
a reason for big distortion and non-uniform surface hardness.

4. To eliminate any film boiling during quenching, one should increase critical heat flux
densities and decrease initial heat flux during immersion of steel parts into cold liquid.

5. Up to present time, the main attention was paid to changing surface tension in order to
control cooling intensity of liquid quenchants. Authors proposed to use insulating layers to de-
crease initial heat flux density and by this way eliminate film boiling.

6. New additives to liquid quenchants, which create insulating layers, should be further
investigated and widely introduced to practice.
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