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Abstract

cooling rate could produce parts with better mechanical
properties. On the other hand, fast cooling rate could also
induce distortion or residual stress due to uneven cooling. There
are abundant examples in the automotive application where
quenching processes for cylinder heads were changed from
water quenching to air quenching in order to meet lower
residual stress requirement. Therefore, the engineering
challenges on producing a good parts hinge on choosing the
right quench media, designing optimal quenching process and
tightly controlling the quench power of the quench media [3].

When a heated metal is submerged in a quenchant, the liquid in
contact immediately vaporizes and a thin film is formed,
significantly reducing heat extraction rate of the metal. This is
referred as Leidenfrost effect and the minimum temperature this
phenomenon occurs is defined as Leidenfrost point (LFP). The
heat transfer rate occurring at the LFP is defined as minimum
heat flux (MHF). Once the temperature drops below LFP, the
liquid boiling regime changes from film boiling to transition
boiling and heat transfer rate increases until it reaches heat
transfer limit defined as critical heat flux (CHF). After passing
CHF, the liquid boiling regimes changes to nucleate boiling and
the heat transfer eventually reduces to convection heat transfer
below liquid boiling point. The heat transfer characteristics in
each boiling regime are of great interest to heat treatment
industry in order to design better equipment or to optimize the
quenching processes. In this paper, we conclude from literature
research that heat transfer characteristics of each boiling
regimes can be approximated by LFP, MHF and CHF plus
properties of interacting phases of the quenchant. In addition,
we develop a standard procedure using quenchometer to find
LFP, MHF and CHF, as they are very much process dependent
and must be determined first for future engineering tasks.
Finally, we utilize the findings, in conjunction with a
commercial CFD software, to simulate the quenching process,
calculate temperature history and compare the result with
thermocouple readings.

The scope of this paper focuses on liquid quenching. The intent
of this paper is to develop a methodology for evaluating and
simulating liquid quenching process. A literature survey on the
methodology to determine quench power/quench severity of the
quenchant was accomplished. The scope of the literature survey
was extended to include the procedures for analyzing cooling
rate/cooling curves. Then, this work was expanded to a
systematic approach to characterize the boiling process in order
to develop computation models for simulating quenching
process using CFD.
Derivation of Quench Severity
One of the index commonly referred in many literatures for
quantifying quench severity is Grossman Number, defined as[4]:
𝐻=

ℎ
2𝑘

(1)

Although the Grossman Number is closely related to
hardenability and ideal diameter (DI) concept[5], it is better
explained from the view of fundamental heat transfer and this
view can give us a better idea of the limitation of the number.

Introduction
Heat treatment is a common manufacturing process for metallic
parts to alter its physical properties in order to produce
components with desirable mechanical strength. During the
heat treatment processes, quenching is the most important step.
It hardens the material by rapidly cooling the pre-heated metal
from very high temperature to very low temperature. In the case
of aluminum casting part, it is often heated to near solvus
temperature[1]; in the case of a steel gear, it usually is heated
until it is in Austenite phase[2].

The heat transfer in the quenching process is governed by the
heat transfer equation, both in the metal and quenchant[6], and
they are second order partial differential equations that have to
be solved in conjunction with boundary conditions at the metal
and quenchant interface:

The cooling rate in the quenching process has a profound
impact on the hardness of the parts. Cooling rate has two
opposite effects on quality of the final part. On one hand, fast
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𝜕(𝜌𝐶𝑝 𝑇)
⃑ ∙ ∇(𝜌𝐶𝑝 𝑇) = ∇ ∙ (𝑘∇𝑇) + 𝑠̇
+𝑉
𝜕𝑡

(2)

𝑇|metal = 𝑇|quenchant
𝑘∇𝑇|metal = 𝑘∇𝑇|quenchant

(3)
(4)

Equation (3) and Equation (4) indicate that temperature and
heat flux are continuous across the metal/quenchant boundary.
The temperature continuity is in scalar form while the heat flux
continuity is in vector form.

Bi =

(5)

𝑘∇𝑇 ∙ 𝑛̂|metal = ℎ ∙ (𝑇𝑤 − 𝑇∞ )

(6)

It is important to note that Grossman Number is derived based
on assumptions that heat transfer coefficient is uniform and
constant on the metal surface. This is almost never the case in
reality, particularly in the case of liquid quenching. Therefore,
Grossman Number is good for comparing quench severity of
different quenchants or quenching environment, but the heat
transfer coefficient obtained by Grossman Number may not be
used directly in engineering applications, such as calculating
residual stress in quenching an aluminum cylinder head.

The heat source term in Equation (5) indicates the possible
latent heat release during phase change inside the metal
throughout the quenching process, as in the case of quenching
steel gears[8].
In Equation (6), all the effects of quenchant side heat transfer,
including conduction, convection (for both liquid and vapor
phases), radiation, evaporation, condensation, etc. are lumped
into a single heat transfer coefficient, based on the concept of
Newton’s law of cooling[9]. In other words, the heat transfer
coefficient is just a convenient way to express the coupled
solution of quenchant side heat transfer equation. This
parameter is commonly obtained by experimental testing and
the inverse method[10]. The method of using a simple heat
transfer coefficient model to account for quenchant side heat
transfer has been widely adapted in FEA method[11] to predict
residual stress and it is referred as “HTC method.”

In Equation (6), which is the boundary condition to Equation
(5), the heat flux on the surface is a function of wall
temperature. This type of boundary is referred as Robin
boundary condition. When Equation (6) is replaced by a
constant ambient quenchant temperature on the metal surface,
the boundary condition type is changed from specifying first
derivative of temperature to a pre-set value of temperature,
referred as Dirichlet boundary condition[15]:
𝑇 ,
𝑇(𝑥 ) = { 0
𝑇∞ ,

Equation (5) and (6) can be greatly simplified to a form that can
be solved analytically if we make the following assumptions: 1)
no latent heat release during quenching process, 2) the
temperature gradient is infinitesimally small in the metal so that
metal temperature is uniform and is a function of time only, 3)
heat transfer coefficient is uniform on the surface so that it is
only a function of surface temperature (which could be a
function of time). By these assumptions, the heat transfer
equation and boundary condition are combined into a single
ordinary differential equation, referred as lumped mass analysis
(LMA), which is often solved by separation of variables[12]:
𝑑
(𝜌𝐶𝑝 𝑇)𝑉 = −ℎ𝐴(𝑇 − 𝑇∞ )
𝑑𝑡

𝑥inside metal at 𝑡 = 0
𝑥at metal surface for all 𝑡 ≥ 0

(10)

Since temperature near surface is a step function at t = 0, its
spatial gradient becomes a Dirac delta function with a
magnitude equal to infinity. This corresponds to “ideal quench”
situation, 𝐻 = ∞[16]. As a matter of fact, the corresponding
infinitive heat flux at the surface, 𝑞̇ , only occurs at t = 0. When
temperature near the surface starts to drop, 𝑞̇ starts to drop too.
Eventually it will approach zero when the entire metal cools to
ambient quenchant temperature. Mathematically speaking, the
“ideal quench” is a change of boundary condition type in
solving the heat transfer equation but it is interpreted as heat
transfer coefficient equals to infinity.

(7)

The lumped mass analysis (LMA) assumption where the
temperature is assumed uniform in the metal is a critical one to
derive the Grossman Number. This assumption may not hold in
actual engineering applications. In an aluminum cylinder block
water quenching test conducted in RIC lab at Ford Motor
Company[17], the temperature data are collected by
thermocouples on 9 locations on the block surface plus one in
the water. Figure 1 shows the thermocouples installed on the

If we further assume constant, temperature independent metal
material properties and constant heat transfer coefficient, then
the analytic solution to Equation (7) is[13]:
ℎ𝐴
ℎ
𝑇 − 𝑇∞
−
𝑡
−
𝑡
= 𝑒 𝜌𝐶𝑝 𝑉 = 𝑒 𝜌𝐶𝑝 𝐿 = 𝑒 −Bi∙Fo
𝑇0 − 𝑇∞

(9)

The Fourier Number (Fo) is dimensionless time/length scale[14],
indicating how fast heat can penetrate to certain depth in certain
amount of time, or vice versa. The Biot Number (Bi) is the ratio
of convection heat transfer rate (on the surface) vs. conduction
heat transfer rate (in the metal). When conducting hardenability
tests, if all the specimens have similar cylindrical shape with
same characteristic length, then the length parameter in Biot
Number drops out and Biot Number becomes Grossman
Number. When the same specimen is quenched in different
environments, larger Grossman Number implies larger heat
transfer coefficient, hence larger quench severity.

The solution of quenchant side heat transfer equation cannot be
obtained directly because it is coupled with continuity equation
and Navier-Stokes equations. It is a common practice to solve
only metal side heat transfer equation and reduce the quenchant
side heat transfer equation to a boundary condition expressed
by heat transfer coefficient[7]:
𝜕(𝜌𝐶𝑝 𝑇)
= 𝛻 ∙ (𝑘𝛻𝑇) + 𝑠̇
𝜕𝑡

ℎ𝐿
𝑘𝑡
; Fo =
𝑘
𝜌𝐶𝑝 𝐿2

(8)
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cylinder block in preparation for water quenching test. Figure 2
shows the temperature data collected by the thermocouples
from a 5.0L cylinder block water quenching test. It can be seen
in Figure 2 that temperature profile is far from uniform
distribution inside the metal. This example is a clear illustration
that LMA assumption is not valid for analyzing liquid
quenching process using heat transfer coefficient approach.

unique. Therefore, the cooling curve test is a very effective
method to ensure consistent quenchant performance and can be
used as a tool for selecting suitable quenchant. There are several
standards specifying testing procedures to produce consistent
cooling curves[18] and one of the most commonly used standard
is ASTM D6200/ISO 9950.
Ford Motor Company is a pioneer in developing virtual tools
for simulating water quenching process in order to predict
residual stress and to optimize manufacturing process[17][22][23].
During the development of CFD models, experiments were
conducted on quenching actual cylinder heads and cylinder
blocks to collect thermocouple data for validation. Not only is
this process costly and time consuming, it is only valid for the
quenching conditions measured. It is not likely to be applicable
for different quenching conditions, such as significantly
lowering pool temperature or switching to different quenchant.

Figure 1: Thermocouples are installed on cylinder block in
preparation for water quenching testing.

This paper represents the first joint effort of Ford Motor
Company and Houghton International Inc. to develop a
systematic methodology for CFD model calibration using
quenchometers. In addition to savings on cost and time, the
main advantage of using quenchometer is its consistency in
producing cooling curves. The quenchometer used to produce
temperature data in this project is ivf SmartQuench System by
Swerea IVF[24], shown in Figure 3.

Figure 2: Temperature data collected by thermocouples during water
quenching process.

Figure 3: Quenchometer used in this project to collect cooling curve
data.

Cooling Curve Analysis using Quenchometer
When hot metals are quenched in cool liquids, the boiling of
quenchant goes through several stages and each stage has
distinct heat transfer characteristics[18]. Even though there is a
rich library of Grossman Number documenting the quench
severity for many different quenching scenarios[19], it is clear
that using a single number to characterize cooling process is not
sufficient to describe details of the quenching process. Indeed,
the temperature profiles/histories of the metal and quenchant
contain a lot of information of the cooling process. This
information could be used for quenching process control[20][21].

The tests are conducted in the lab at Houghton International
Inc., according to ASTM standard D6200/ISO 9950[25]. The
quenchant is distilled water initially heated to 95°C. The probe
alloy is Inconel alloy 600 and the initial temperature is set to
495°C to mimic the solution temperature for AL319. Each
quenching condition is tested three times and data are collected
for each test to ensure the repeatability, shown in Figure 4. No
agitation was used.
The cooling curve analysis per ASTM standard D200 is based
on six cooling curve characteristics: 1) maximum cooling rate
in °C/s, 2) temperature of the maximum cooling rate in °C, 3)
cooling rate at 300°C in °C/s, 4) time to cool to 600°C in
seconds, 5) time to cool to 400°C in seconds, 6) time to cool to
200°C in seconds. Although these six characteristics can define

Assuming an identical probe, cooling curves should be similar
under the same quenching conditions. This would then indicate
that the solution to heat transfer equation, Equation (5), is
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the cooling curve, it does not provide any in-depth information
on liquid and vapor flow pattern, conduction vs. convection
heat transfer, evaporation and condensation phase change, and
liquid vs. vapor transport on the metal surface during quenching
process. In the following section, the raw data generated by
quenchometer are used to guide the development and
calibration of the CFD model.

Figure 5. It first defines the shape of the curve near the
maximum heat transfer point by three parameters, ∆𝑇1 , ∆𝑇2 and
𝑞max . The maximum heat flux 𝑞max is a point equivalent to
maximum cooling rate in cooling curve analysis, with units
W/m2 instead of °C/s. ∆𝑇 is defined as the difference between
wall temperature, 𝑇𝑠 , and saturation temperature, 𝑇sat . The
average of ∆𝑇1 and ∆𝑇2 is ∆𝑇max , which is equivalent to the
temperature at maximum cooling rate. Then additional 𝑘1
defines the curvature in nucleate boiling zone and 𝑘2 defines
the curvature in transition boiling zone. 𝜑 is a constant that can
be used to adjust the boundary between boiling zones. All these
empirical parameters are positive. There are other formulations
different from those in Figure 5, but the idea is the same.

Figure 4: Cooling curve repeatability test for water pool temperature
at 95°C.
Figure 5: Quench curve defined by 5 empirical parameters.

Defining Cooling Characteristics for CFD

The empirical parameters are application specific and have to
be calibrated by experimental data. However, this is not the
main shortcoming of the quench curve model. First of all, the
empirical parameters, except 𝑞max , are not directly related to the
physics of the boiling; the sole purpose of those parameters are
to define the shape of the curve. Figure 6 shows a quench curve
calibrated by thermocouple data #8 from a 4.6L cylinder block
water quenching test. Beside matching 𝑞max point with
maximum cooling rate point on the cooling curve, there are no
systematic procedures to determine ∆𝑇1 , ∆𝑇2 , 𝑘1 , and 𝑘2 except
a trial-and-error method. In addition, these numbers are not
fixed; they are dependent on the selection of the constant 𝜑.

Not all the CFD software packages are capable of simulating
liquid boiling in the quenching process. In the context of CFD,
boiling is a multi-phase flow problem and requires a CFD
software that can handle the co-existence of liquid and vapor
phase. The software must account for the mass, momentum and
energy exchange between these two phases. An ordinary
single-phase flow solver coupled with volume of fluid (VOF)
tracking is not a preferred method since the vapor phase
modeled by VOF is a void that does not carry momentum and
energy. The Eulerian-Eulerian multiphase model, is a model
that can solve momentum, enthalpy, and continuity equations
for each phase and track volume fractions[26]. Technically
speaking, boiling is three-phase flow problem: liquid phase, air
gas phase and vapor gas phase. Since density and viscosity of
air and vapor are very similar compared to liquid, the
formulation can be simplified by lumping air and vapor together
into a single gas phase and the problem is reduced to a twophase flow problem.

The second shortcoming of the quench curve model is its
limitation in the superheated, film boiling zone, shown in the
high temperature area on the right in Figure 6. The experimental
data show a bimodal pattern in which the heat transfer increases
again once temperature passes Leidenfrost point. The heat
transfer in the quench curve model continues to decrease as the
wall temperature increases. This is due to the exponential
expression in the formulation of the quench curve and it
contradicts the physics in the actual quenching process.

According to our survey on CFD software, there are two models
for defining cooling characteristics: the quench curve model
and the heat transfer model.

The biggest challenge in calibrating quench curve model is the
selection of suitable thermocouple data as the reference curve.
In the 5.0L cylinder block water quench test, shown in Figure 1
and Figure 2, 10 thermocouples are installed on the cylinder
block surface for temperature data collection. The maximum
heat transfer rate as well as its associated temperature for each

Cooling Characteristics by Quench Curve
One modeling strategy for liquid boiling is to define the shape
of quench curve by a set of parameters, a method similar to
quenchometer cooling curve analysis. One method uses 5
empirical parameters to define the quench curve[27], shown in
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curve is different from each other. Selecting a curve to represent
the cooling characteristics of entire cylinder block requires a
good understanding of the part geometry and quenching
process, plus a sound engineering judgement.

After passing LFP (temperature), the same point as MHF (heat
transfer rate), the heat transfer rate starts to rise sharply and the
boiling enters transition boiling regime, until heat transfer rate
reaches Critical Heat Flux (CHF) point[7]. This point is very
significant in engineering applications because it is a point at
which heat transfer rate reaches maximum. This point is also
often termed as “burnout”, “boiling crisis”, “departure from
nucleate boiling (DNB)”, “maximum heat flux”, or “peak heat
flux[29].”
From CHF point, the boiling enters nucleate boiling regime and
heat transfer rate decreases again. When the wall temperature
drops below saturation temperature (Tsat), there is no bubble
formation and it becomes natural convection heat transfer.

Figure 6: Calibration of quench curve by experimental data. It also
shows that increased heat transfer in the superheated zone could not
be modeled by the quench curve.

Cooling Characteristics by Heat Transfer
Another modeling strategy is to define cooling curve by heat
transfer characteristics according to boiling regimes; namely,
film boiling, transition boiling, and nucleate boiling, shown in
Figure 7, and natural convection. The boiling regimes are
separated by a few set-points on the temperature and cooling
rate curve, shown in Figure 8 and Figure 9. The temperature and
cooling rate curve in Figure 8 and Figure 9 are based on the
same raw data in Figure 4. In this test, probe is heated to 495°C
and quenched in 95°C distilled water.

Figure 8: Boiling regimes on the temperature curve.

Figure 9: Boiling regimes on cooling rate curve.

The main difference between quench curve model and heat
transfer model is that one uses empirical parameters, the other
use empirical correlations. The emphasis of empirical
parameters is to derive the best-fit curve from temperature data
at a reference thermocouple point. It may produce good results
for the reference point but the model may not be predictive for
other quench configurations. Whereas empirical correlation
utilizes dimensional analysis to develop correlation among heat
transfer, flow, temperature, and material properties. The
empirical correlation often contains dimensionless correlation
coefficients that need to be calibrated by experiments. Because
empirical correlations mostly are developed in controlled lab
environment using simple geometry such as flat plates or

Figure 7: Example of three stages of quenching: film boiling (a),
transition boiling (b) and nucleate boiling regime (c). While the
medium is oil, water shows similar behavior.

At the beginning of quench, the water boiling is in film boiling
regime. The heat transfer rate gradually reduces as the
temperature drops, until temperature reaches Leidenfrost Point
(LEP), at which heat transfer rate also reaches minimum. The
heat transfer rate at this point is defined as Minimum Heat Flux
(MHF) point[7][28].
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vertical tubes, their curves may not match exactly to real
situations. However, since the formulations correlate heat
transfer to the underlying physics of the quenching process, we
can develop a methodology to systematically calibrate the
coefficients in the formulas.

′
𝑄𝑀𝐻𝐹
= 𝐾𝑀𝐻𝐹 ∙ 𝑄𝑀𝐻𝐹
′
𝑄𝐶𝐻𝐹 = 𝐾𝐶𝐻𝐹 ∙ 𝑄𝑀𝐻𝐹,𝑠𝑢𝑏𝑐𝑜𝑜𝑙

(16)
(17)

It is interesting to note that all the above equations do not
include metal surface roughness as a parameter. As a matter of
fact, it has been consistently observed in the lab as well
production environment that cooling curve of quenching a
green part (first time quench after casting) is different from
those of quenching the same part repeatedly after first quench.
Figure 10 shows the cooling curves of quenching the same
cylinder block 4 times and the curves are all different. Indeed,
it has been reported by the lab that the part looks differently
from the first-time quench. It is likely that the cause of this
different behavior is the formation of oxides from solution heat
treatment.

There are abundant researches on the development of empirical
correlations in each boiling regime. In this project, we adapted
the quenching model framework developed and implemented in
AVL FIRETM commercial CFD software. A comprehensive
theory behind the framework can be found in AVL FIRETM
User/Theory Guide on “Eulerian Multiphase”[30] section.
In the filming boiling regime, heat transfer coefficient is
expressed by the empirical correlation developed by Bromley
(1950)[31]. Bromley used an approach similar to that developed
by Nusselt for film condensation to predict the film boiling heat
transfer coefficient for a horizontal tube:
1

𝑘𝑣3 𝜌𝑣 (𝜌𝑙 − 𝜌𝑣 )𝑔(ℎ𝑓𝑔 + 0.4𝐶𝑝𝑣 ∆𝑇) 4
ℎ = 0.62 [
]
𝐷0 𝜇𝑣 ∆𝑇

(11)

To evaluate the heat transfer coefficient in the transition boiling
regime, the Minimum Heat Flux (MHF) and Critical Heat Flux
(CHF) are estimated first. The boundary from film boiling to
transition boiling is determined by Leidenfrost Point (LFP) and
Minimum Heat Flux (MHF). According to Zuber (1959)[32] and
Berenson (1961)[33], minimum heat flux for pool boiling is
estimated as:
1

𝑄𝑀𝐻𝐹

1

𝑔(𝜌𝑙 − 𝜌𝑣 ) 2
𝜎
4
= 0.09𝜌𝑣 ℎ𝑓𝑔 [
] [
]
𝜌𝑙 + 𝜌𝑣
𝑔(𝜌𝑙 − 𝜌𝑣 )

(12)
Figure 10: Cooling curves for quenching the same cylinder block for
4 times. Trial #1 represents the curve of quenching a green part.

By similar principle, critical heat flux is estimated by using
Zuber’s relation[34] through a hydrodynamic stability analysis
of problems for large horizontal cylinders, spheres or large
finite heated surfaces:

To incorporate the cooling characteristics’ dependency on
surface properties in the CFD model, we applied different
strategies in separate model development phases. In the first
phase, calibration methodology development, the effects of
each parameter are studied based on quenchometer testing in
accordance with ATSM D6200/ISO 9950 standard. Since the
surface of the probe is polished and temperature measurement
is repeatable, surface property dependency is eliminated. In the
second phase, applying methodology to production processes,
the parameters are calibrated only by temperature dataset from
quenching tests on green parts, as the dataset by green parts is
the only one that matters to production processes.

1

𝑄𝐶𝐻𝐹

𝜎𝑔(𝜌𝑙 − 𝜌𝑣 ) 4
= 0.131𝜌𝑣 ℎ𝑓𝑔 [
]
𝜌𝑣2

(13)

The effect of subcooling (quenching in pool temperature lower
than saturation temperature) is taken into account by empirical
correlation by Hua, et al. (2000)[35]:
1
𝑄𝐶𝐻𝐹,𝑠𝑢𝑏𝑐𝑜𝑜𝑙
= 1 + 0.345 ∙ Ja ∙ Pe−4
𝑄𝐶𝐻𝐹,𝑠𝑎𝑡

𝜌𝑙 𝐶𝑝 ∆𝑇𝑠𝑢𝑏
Ja =
; Pe =
𝜌𝑣 ℎ𝑓𝑔

(14)

3

𝜎4
𝛼[𝑔(𝜌𝑙 −

1 1
𝜌𝑣 )]4 𝜌𝑣2

We also included “dry phase packing limit” parameter (DPPL),
incorporated in AVL FIRETM quench model framework, as part
of calibration strategy to account for the effect of surface
properties. DPPL refers to the vapor phase fraction limit in the
cells adjacent to metal surface and its main purpose is to
compute the wetting surface, which in turn affects the liquidvapor phase transformation rate. We used this parameter to
adjust overall quench severity.

(15)

In the actual engineering applications, 𝑄𝑀𝐻𝐹 and 𝑄𝐶𝐻𝐹,𝑠𝑢𝑏𝑐𝑜𝑜𝑙
in Equation 12 and 14 are extremely variable compared to
steady state heat transfer. Two factors, 𝐾𝑀𝐻𝐹 and 𝐾𝐶𝐻𝐹 , are
introduced in the CFD software to adjust the heat transfer rate:
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To simulate the liquid quenching processes, there are four kinds
of inputs to the CFD software. The first one is material
properties, such as latent heat, temperature dependent specific
heat and thermal conductivity, etc. The second kind is
quenching process parameters, such as initial temperature,
immerse speed, pool temperature, quench orientation, etc. The
third kind is numerical control parameters, such as
discretization method, under-relaxation factor, convergence
criteria, etc. The numerical control parameters are determined
by best practices and they are seldom changed across all
simulations. The fourth kind is empirical correlation
coefficients to be calibrated by thermocouple data.

Figure 11: Geometry and specification of ASTM D6200 quenchometer
probe (without support tube).

There are 4 correlation coefficients in the quench model
framework to be calibrated: Leidenfrost point (LFP), 𝐾𝑀𝐻𝐹 ,
𝐾𝐶𝐻𝐹 and dry phase packing limit (DPPL). The first three
correspond to the set-points in Figure 8 and Figure 9. DPPL is
used to adjust overall quench severity. The methodology to
calibrate these 4 parameters using quenchometer and CFD
model are discussed in the following section.

Calibration of CFD Boiling Model
Figure 12: Computation domain and CFD mesh for quenchometer.

In this joint project to develop calibration methodology, the
reference temperature is provided by Houghton International
Inc. and CFD computation is performed on high performance
computers in Ford Motor Company. The reference temperature
is taken from quenchometer tests conducted according to
ASTM D6200/ISO 9950 standard. The quenching process
simulation is computed by AVL FIRETM CFD software.
The reference quenching process is an Inconel alloy 600 probe
heated to 495°C and quenched in 95°C distilled water. The test
was conducted 3 times to ensure the results are repeatable,
shown in Figure 4.
CFD Model Setup and Material Properties
The geometry and specification of the quenchometer probe per
ASTM D6200/ISO 9950 standard is shown in Figure 11. The
computation mesh, including probe, part of support tube, and
water/vapor domain is shown in Figure 12. The thermocouple
is located in the center of probe. There are total 39,320 cells in
the solid domain and 476,720 cells in the water/vapor domain.
To model the immersion process, the probe is placed at a fixed
position and water is rising at immersion speed. This approach
produces equivalent result to immersing the probe into the
water, and yet avoids solving a moving mesh problem.

Figure 13: Temperature dependent specific heat for Inconel alloy 600,
data point vs. regression by 2nd order polynomial.

Since the metal temperature drops nearly 400°C during
quenching process, thermal dependency of specific heat and
conductivity cannot be ignored in the simulation. The material
properties of Inconel ally 600 are entered into CFD software as
a second polynomial by regressing through data points obtained
from Special Metals website[36]. Table 1 lists the coefficient of
the second order polynomials for heat capacity and thermal
conductivity; Figure 13 and Figure 14 show the regression
curve as well as data points.

Figure 14: Temperature dependent thermal conductivity for Inconel
alloy 600, data point vs. regression by 2nd order polynomial.
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Table 1: Coefficients for 2nd order polynomials to produce the
regression curve in Figure 13 and Figure 14. The temperatures in the
equation is °K rather than °C.

Cp
K

a*T0
367.01747090
11.20509870

b*T1
0.29735971
0.01139074

maximum cooling rate in the cooling curve analysis, reducing
CHF also reduces maximum cooling rate. Furthermore, since
the beginning of nucleate boiling regime is CHF and end of
nucleate boiling regime is Tsat (saturation temperature), which
is a material property and remains constant for all quenching
configurations, reducing CHF also reduces the heat transfer rate
in nucleate boiling regime. Changing CHF has no effect on LEP
but it changes slightly on MHF. The overall effect of 𝐾𝐶𝐻𝐹 is
shown in Figure 16.

c*T2
-0.00010360
0.00000355

Calibration and Computation Results
There are 4 parameters to be calibrated: 𝐾𝑀𝐻𝐹 , 𝐾𝐶𝐻𝐹 ,
Leidenfrost point (LFP) and dry phase packing limit (DPPL).
The effects of each parameter are studied individually by fixing
the other three parameters. The results are compared and effects
are studied on temperature/time chart, cooling rate/time chart,
and cooling rate/temperature chart. The blue dotted line is the
reference curve and the red solid line is the new curve after
changing the parameter.

Leidenfrost point (LEP) marks the boundary of film boiling
regime and transition boiling regime. Since LEP does not
appear in any of the heat transfer equation, Equation 11-17, it
has no effect on heat transfer rate in each boiling regime, except
minimum heat flux (MHF). The reason that LEP changes MHF
can be explained by the heat transfer rate in film boiling in
Equation 11. When LEP is reduced, it extends film boiling
regime further to a lower temperature point. Since heat transfer
rate in film boiling decreases as wall temperature decreases,
therefore lowering LEP also slightly decreases MHF. The
overall effect of LEP is shown in Figure 17.

The minimum heat flux (MHF) is adjusted by changing 𝐾𝑀𝐻𝐹
coefficient in Equation 16. When MHF is decreased, the overall
quenching process cools slower. However, since MHF marks
the boundary of film boiling regime and transition boiling
regime, it has no effect on transition boiling after reaching MHF
and neither does it have effect on nucleate boiling. Furthermore,
critical heat flux (CHF) and Leidenfrost point (LFP) remain the
same. The overall effect of 𝐾𝑀𝐻𝐹 is shown in Figure 15.

Dry phase packing limit (DPPL) controls the liquid-vapor phase
change rate. Lowering DPPL will reduce overall quench
severity and slow down the cooling rate in all boiling regimes.
It also affects both CHF and MHF. The only quenching
characteristic remains unchanged is Leidenfrost point (LEP).
The overall effect of DPPL is shown in Figure 18.

The critical heat flux (CHF) is adjusted by changing 𝐾𝐶𝐻𝐹
coefficient in Equation 17. When CHF is decreased, the overall
quenching process cools slower. Since CHF corresponds to

Figure 15: Effect of KMHF on temperature and cooling rate curves. KMHF is changed from 3 to 1.

Figure 16: Effect of KCHF on temperature and cooling rate curves. KCHF is changed from 0.4 to 0.15.
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Figure 17: Effect of Leidenfrost Point (LEP) on temperature and cooling rate curves. LEP is changed from 430°C to 370°C.

Figure 18: Effect of dry phase packing limit (DPPL) on temperature and cooling rate curves. DPPL is changed from 0.95 to 0.70.
Table 2: Summary of effects of each correlation parameter on cooling characteristics in Figure 15 to Figure 18.

KMHF
Overall Cooling
Film Boiling
Leidenfrost Temp.
Min. Heat Flux
Transition Boiling
Max. Cooling Rate
Nucleate Boiling
Convection

KCHF

LEP

DPPL

+

-

+

-

+

-

+

-

faster
Increase
no effect
Increase
no effect
no effect
no effect
no effect

slower
Decrease
no effect
Decrease
no effect
no effect
no effect
no effect

faster
no effect
no effect
Decrease
Increase
Increase
no effect
no effect

slower
no effect
no effect
Increase
Decrease
Decrease
no effect
no effect

faster
no effect
Increase
Increase
no effect
no effect
no effect
no effect

slower
no effect
Decrease
Decrease
no effect
no effect
no effect
no effect

faster
Increase
no effect
Increase
Increase
Increase
Increase
no effect

slower
Decrease
no effect
Decrease
Decrease
Decrease
Decrease
no effect

Figure 19: Comparison of quenchometer thermocouple data with CFD calculation. There are two sets of calibrated parameters that generate similar
results.
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The heat transfer model has a clear advantage over quench
curve model: the cooling characteristic trends due to parameter
change can be predicted by analyzing Equation 11-17 and these
trends are summarized in Table 2. The remaining task for
calibration is to adjust the value of the parameter according to
the deviation from the reference curve. Figure 19 shows the
comparison of quenchometer data with CFD simulations based
on calibrated parameters. It is interesting to note that there are
2 sets of parameters producing temperature curves in equally
good agreement with quenchometer data. This can be explained
by the degrees of freedom in Figure 8 and Figure 9. There are
total 3 degrees of freedom to define the cooling curve, MHF,
CHF and LEP. Tsat (saturation temperature) is a material
property, not a degree of freedom. Since there are 4 calibration
parameters in the CFD boiling model, therefore it is possible
that the solution to calibration may not be unique.

Figure 21: Liquid and vapor faction (left) and metal temperature
(right) at time =10 seconds, roughly in the film boiling regime.

Although temperature curves by CFD are in good agreement
with quenchometer measurement, there are few noticeable
deviations in cooling rate curves by CFD. First, heat transfer
rate in film boiling regime is slightly higher. Second, CFD
under-predicts the maximum cooling rate. CFD also predicts
slightly lower temperature at maximum cooling rate. The
difference may be due to the fact that empirical correlations
mostly were development in lab using simple geometries that
may not have identical heat transfer characteristics comparing
to more sophisticated geometry in actual applications.
The liquid and vapor fraction in the quenchometer container as
well as probe temperature at cross-section is shown in Figure
20, Figure 21 (time=5, 10 seconds, film boiling regime), Figure
22 (time=15 seconds, transition boiling regime) and Figure 23
(time=20 seconds, nucleate boiling regime).

Figure 22: Liquid and vapor faction (left) and metal temperature
(right) at time=15 seconds, roughly in the transition boiling regime.

Although lumped mass analysis (LMA) has been widely used
to estimate quenching severity, the temperature inside the metal
is hardly uniform, which can be clearly seen in Figure 21 and
Figure 22. Figure 24 shows the temperature differential in the
metal; it reaches maximum 357.67°C at 7.8 seconds.

Figure 23: Liquid and vapor faction (left) and metal temperature
(right) time=20 seconds, roughly in the nucleate boiling regime.

Figure 20: Liquid and vapor faction (left) and metal temperature
(right) at time =5 seconds, roughly in the film boiling regime.
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Nomenclature
•
•
•
•
•
•
•
•
•
•

Figure 24: Average temperature and T (Tmax-Tmin) inside the probe.

Conclusions

•
•
•
•
•
•
•
•
•
•
•
•
•
•

Liquid is a very effective quench media comparing to air
because of liquid’s capability to extract large amount of heat in
a short period of time through evaporation of the quenchant.
However, liquid quenching is also prone to uneven cooling
which might cause high residual stress and lead to distortion or
cracks. In recent year, auto industry has been investing
resources to develop CFD/FEA method in order to simulate the
liquid quenching process for better process and quality control.
The objectives of this project are to develop a methodology for
defining cooling characteristics of the quenchant and to
establish systematic procedures for calibrating parameters in
the heat transfer empirical correlations.
This paper first discussed the derivation of Grossman Number,
which defines quench severity by a single number. The greatest
limitation of Grossman Number is its assumption on uniform
and constant heat transfer coefficient on the surface. This is
rarely the case in engineering applications. Then the cooling
curve analysis using quenchometer is explained. The cooling
curve analysis based on ASTM D6200/ISO 9950 is convenient
to measure quench power of quenchants but its 5 cooling curve
characteristics cannot be used directly to build a CFD model.

•
•
•
•
•
•

𝜌 (𝜌𝑙 , 𝜌𝑣 ) is the density (liquid, vapor), kg/m3.
𝐶𝑝 (𝐶𝑝𝑙 , 𝐶𝑝𝑣 ) is the heat capacity (liquid, vapor),
J/kg°K.
𝑘 (𝑘𝑙 , 𝑘𝑣 ) is the thermal conductivity (liquid, vapor),
W/m°K.
ℎ is the heat transfer coefficient, W/m2°K.
⃑ is velocity, m/s.
𝑉
𝑥 is position vector, m.
𝑛̂ is the surface normal, m.
𝑠̇ is heat source, W/m3.
𝑔 is the gravity, m/s2.
ℎ𝑓𝑔 is the latent heat for liquid-vapor phase change,
J/kg.
𝐷0 is the length scale for vapor bubble diameter, m.
𝜎 is the surface tension, N/m.
𝑡 is the time, seconds.
𝑉 is the volume of the metal part, m3.
𝐴 is the surface area of the metal part, m2.
𝐿 is the characteristic length of the metal part, m.
𝑇 is the temperature, °K.
𝑇𝑤 , 𝑇𝑠 are the wall temperature, °K.
𝑇0 is the initial temperature, °K.
𝑇∞ is the free stream temperature, °K.
𝑇sat is the saturation temperature, °K.
𝑞𝑏 , 𝑞", 𝑄 are the boiling heat flux, W/m2.
𝑞max is the maximum heat flux, W/m2.
∆𝑇 is temperature difference between wall and
saturation, °K.
𝑇∞ is the free stream temperature, °K.
𝐻 is the Grossman Number, 1/m.
Bi is the Biot number, dimensionless.
Fo is the Fourier number, dimensionless.
Ja is the Jakob number, dimensionless.
Pe is the Péclet number, dimensionless.
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