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ESTIMATION OF HEAT TRANSFER COEFFICIENT
DURING QUENCHING STEEL IN WATER

Summary

The paper presents the process of two-dimensional axisymmetric quenching of
cylindrical samples in water at 40 °C. Experimental work consists of quenching three
dimensionally different cylindrical probes. The dimensions of the probes are: ¢25x50,
#50x150 and ¢#75x225 mm. Three measuring points are 1.5 mm below the cylinder surface
positioned at the cylinder height, whereas the fourth measuring point is in the center of
gravity of the cylinder. The quenching was conducted in strict controlled rate of water flow at
the cylinder head. The problem of the task belongs to inverse problems of heat conduction, or
ill posed problems, so that the solution to the problem leads to a sufficiently accurate estimate
of the unknown heat transfer coefficient, imposed on the outer surface of the cylinder.
Computer model solutions use experimental results of temperature measurements to minimize
errors between computer calculations and measured temperature values in the same place. The
selected solution algorithm is a hybrid algorithm that consists of a combination of three
different algorithms of solution, connected into a single unit.

Key words: Cylindrical probe, steel quenching, optimization, inverse heat transfer, heat
transfer coefficient

1. Problem description

In regard to the quenching of cylindrical samples, many published studies are mostly
based on 1D axisymmetric problems of older ([1], [2], [3] ...) and more recent ([9], [10]) date,
while 2D axisymmetric and 3D problems are very rare or none ([11], [12], [13]). Fig. 1
depicts vertical immersion of the cylinder with diameter D, height H, initial temperature
~ 850 °C, and rate w, = 0.025 m/s, in the cooling fluid that flows upwards with speed
w; = 0.336 m/s. During the immersion of the probe into the cooling fluid, temperature values
are continuously measured in four points (1, 2, 3, 4) of the probe, using embedded thermo-
elements. Fig. 1 shows qualitative values of tested physical model. Based on the obtained
values of temperature in the probe, heat transfer coefficient is estimated from the surface of
submerged probe to the cooling fluid. The idea for the paper was created according to [1], [2]
and [5].
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Wa=0.025 m/s

{w=0.336 /s

Fig. 1 Problem description

2. Experimental setting

Experimental setting consists of quenching of three dimensionally different cylindrical
probes. The material of the probes is steel AISI 304 without crystal conversion. Quenching
was conducted in strict controlled water flow rate of 0.336 m/s around the cylinder, as well as
maintenance of water temperature within a maximum of 40 + 2.5 °C during cylinder
quenching. The experiment consists of the following: charging the system with quenchant,
heating and maintenance of the quenchant at 40 °C with circulation, vertical dropping of
cylindrical probe in the center of the heating furnace using mechanical drive, closing and
warming the probe in nitrogen atmosphere up to 850 °C for a maximum of four hours,
opening furnace lower door and vertical descent with a simultaneous start of data acquisition,
dropping probes at a constant rate in the cooling bath, quenching the probe to the steady state
with the interruption for data acquisition, and raising the probe to the starting position, which
marks the end of the experiment. Realistic and schematic display of the measurement line is
shown in Fig. 2 and 3, [12].

1. Electric furnace ey o Datalogger

2.Probe A 8.Commputer

3. Cooling bath S\ 9. Circulation pipeline
4. Vertical drive 8¢ 10. Circulation pump
5.Video camera, 30 frame/s S 11.Nitrogen input

6. Turbine Flow Meter @ 12.Nitrogen output

Fig. 2 Laboratory layout measuring lines
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Fig. 3 Schematic drawing of measurement lines

The rate of data acquisition is two samples/seconds on high-precision mode, simultaneously
from four points inside the cylinder. Data collector is NI USB-9213 module with 16-channel
thermocouple inputs. Three measuring points are 1.5 mm below the cylinder surface arranged
at the height of the cylinder, while the fourth measuring point is in the center of gravity of the
cylinder. Technical drawing of the test cylinder ¢50x150 is shown in Fig. 4, while the actual
display of the probe ¢75x225 is shown in Fig. 5. The other two probes have the same
arrangement of thermocouples.
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Fig. 4 Technical drawing of the Fig. 5 Laboratory view of the test cylinder
test cylinder ¢50x150 @75x225 above the space for quenching

The measurement results, or cooling curves, for the probe ¢75x225 are shown in Fig. 6,
whereas cooling curves for the other two probes are shown in the comparison of the measured
and simulated results [12].
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Fig. 6 Cooling curves for the probe the surface of the probe ¢75x225
@ 75x225 in marked points 9,10,11 and 12 in ¢t = 1.75 s after immersion [12]

Mark TC,, in Fig. 6 represents thermocouple measurement in selected points of individual
probes. Points 1, 2, 3 and 4 are marked in the probe #25x100, points 5, 6, 7 and 8 are marked
in the probe ¢50x150, and points 9, 10, 11 and 12 are marked in the probe ¢75x225. Fig. 7
shows the video image of the vapor film position in 1.75 seconds after the immersion of the
probe @#75x225 into the water. Fig. 7 clearly shows that the movement of vapor film does not
satisfy the assumption of axisymmetric quenching of the probe, which will later be
introduced. This assumption will affect the accuracy of the final solution. During the iterative
estimation of the heat transfer coefficient, the computer solution model used experimental
results of temperature measurement to minimize errors between computed calculations and
measured temperature values in the same place.
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3. Computer setting of the problem

According to the adopted assumptions, the test material is homogeneous and isotropic,
heat transfer through the cylinder is two-dimensional, axisymmetric and unsteady, whereas
the temperature rate of cooling fluid during quenching is constant. Since physical properties
of the probe depend on the temperature, the problem is nonlinear. Differential equation of
heat conduction in cylindrical coordinates, which describes these problems, has the following
form:

200 10,99, 05 "

o p(d-c(@|r or o =%

It states that: 3 (7, z, ?) is unsteady temperature field, whereas (%) , p(:9),c($) are physical
properties of the probe, [12]. The initial condition represents the temperature distribution
Hr, z, t=0) = 850 °C at each point of each probe. A simplified computational domain is shown
in Fig. 8. The boundary conditions for this problem are as follows, [12]:
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z
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Equations (3), (4) and (5), (0,7), a,(z,t) and a;(H,t) are the unknown heat transfer

coefficients on the particular surfaces, which are described by the function a(z,7)( 0 <z <H)

that presents the object of the research. The study problem belongs to inverse problems of
heat conduction, or ill posed problems, so that the problem solution adds up to a sufficiently
accurate estimate of the unknown heat transfer coefficient imposed on the outer surface of the
cylinder.

3.1 Computer algorithm solution

Computer solution model, [9] and [11], was created in cooperation with Dr. Imre Felde
of the Faculty of Informatics, Technical University of Obuda in Budapest. A computer model
of the task is based on hybrid optimization algorithms. The algorithm used in the paper is a
combination of direct numerical analysis (FEM), non-dominant sorting genetic algorithm
(NSGA 1I), [8] and Levenberg Marquardt method (LMM) [3]. The algorithm first uses NSGA
II, which, in relation to client/server to FEM and on the condition of error minimization, gives
half-solution of the heat transfer coefficient. Subsequently, the second LMM algorithm takes
over the last NSGAII solution, which, in relation to client/server to FEM, finishes up the final
solution, also on the condition of error minimization. Fig. 9 shows flow diagram of the
solution algorithm.

Function of
a=a(tz) surface temperature
a=a(Ts.z)
' Final function
— Direct solution curve a=a(tz)
NSGA II,_Modlflcann cooling (FEM), T ()¢ TRUE*
a=a(tz) J=1234
l , <<&>FALSE
Comparing the measured : Comparing the measured
and simulated curve Measurement cooling and simulated curve
cooling ] curve, T (t); ] cooling
$-330.-12) J=1.2.5.4 5=336-11)
Direct solu‘tion curve
FALSE <::> cooling (FEM), T (£ LMM, Modification
J=1,2,3,4 a=a(tz)
[TRUE T
Y
Semi final function —alt ‘
a=a(t,z) a=a(tz)

Fig. 9 Applied hybrid algorithm solution

Current heat transfer coefficient a(¢, z) is determined in a way that three points are selected on
the outer surface of the probe in the 2D computational domain. Estimated points of time
functions are selected horizontally, opposite to measuring point or near the measuring point,
as shown in Fig. 10. In this way, three time functions of the heat transfer coefficient are
formed, f;(¢), f>(¢), and f;(¢), i.e. three parallel 1D search points. The three functions are found
using two for loops. The outer loop is a time loop (#;, .... &), where k is the number of
carefully selected time steps where heat transfer coefficient is requested. The inner loop is the
height of the =z probe. Subsequently, these three functions are linear 3D
interpolated/extrapolated and in the form of function a(z, z), applied to the outer surface of the
cylinder as the boundary conditions of FEM.
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Fig. 10 The position of search points a(¢)=f|(¢), i=1,2,3

Example of search results is a text grid file in Fig. 11. The first row represents the time
moments of the search, while other rows represent three heights of the z probe. The last three
rows represent time functions f;(7), f2(¢), and f3(?).

% Grid time htc

0.0 10.0 12.5 15 17.5 20.0 22.5 25 27.5 30.0 32.5 35 37.5 40.0 42.5 45 47.5 50.0 60.0 80.0 100.0 1000.0

0.0 0.1125 0.225

% data

80.0 50.0 50.0 90.0 1200.0 5000.0 4300.0 3200.0 3000.0 3500.0 3500.0 3500.0 3200.0 3200.0 3800.0 3700.0 3300.0 3700.0 2800.0 2800.0 2500.0 1800.0
0.0 10.0 10.0 10.0 100.0 350.0 1400.0 1100.0 7700.0 9600.0 8000.0 7700.0 7000.0 6200.0 5500.0 5700.0 5400.0 4500.0 4000.0 3200.0 2800.0 2500.0
20.0 20.0 20.0 20.0 20.0 90.0 40.0 200.0 1600.0 3500.0 3000.0 3500.0 3400.0 2800.0 3500.0 3000.0 2700.0 2500.0 1900.0 1700.0 1600.0 1400.0

Fig. 11 Text grid file of the search results of heat transfer coefficient
during quenching of the probe ¢75x225 in 40 °C water

Matlab/Comsol software was used to estimate the heat transfer coefficient between
server/client. Fig. 12 shows the Pareto fronts during the search, which is divided into an
appropriate number of subsets while browsing heat transfer coefficient for all three
dimensions of the probe in the same chart. The number of Pareto optimal fronts is determined
by the search algorithm itself, according to the number of local optima.
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Fig. 12 Pareto fronts of search flow Fig. 13 Solution contour lines of the heat
of the heat transfer coefficient transfer coefficient for the probe ¢75x225

for all three probe dimensions
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The first curve to the left in Fig. 12 corresponds to the Pareto optimal solution in Fig 13. This
picture shows the contour lines of the four expressed local maxima and three local minima
(seven circles) corresponding to the number of Pareto optimal subsets. The population size is
between 250 and 475, depending on the probe dimension. The smaller diameter probes need a
larger population, because the smaller diameters have bigger local optima and cooling rate.
The results of heat transfer coefficient ¢z, z) for three dimensionally different probes are
given in the next section.

4. Analysis and comparison of the obtained results

4.1 The quenching of the probe ¢25x100
The results of 1D search of heat transfer coefficient during quenching of the probe ¢25x100 in
40 °C temperature water in marked points are shown in Fig. 14. Fig. 15 shows linear
interpolated/extrapolated heat transfer coefficient oz, z).
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Fig. 14 Time functions f;(?), f5(f), and
f3(¢) for the probe #25x100

Fig. 15 Heat transfer coefficient o(,z)
for the probe ¢25x100

Fig. 16 shows the results of comparison of measured (TC,,) and calculated (TC,) temperatures
in all four (1, 2, 3, 4) marked computational domain. The largest local deviation in Fig. 16
AGmax = 40 °C (4.7 %) is shown in the central measuring point (point 3 corresponds to TC 3).
Other cooling curves have local deviation less than 10 °C (1.1 %). The explanation of central
deviation is given in the conclusion of the paper.
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Fig. 16 Comparison of simulated and measured temperatures
during quenching of the probe #25x100

Fig. 17 and 18 depict heat transfer coefficient as a function of surface temperature and height
of the probe, established with its own reparametrization algorithm, [12] and [7]. It was

calculated in five values of the z coordinate. With the smaller number of coordinates z, there
was a danger of losing some of the local extremes.
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Fig. 17 Parametric display of heat transfer coefficient

Fig. 18 Linear interpolated heat transfer coefficient
(9 z) for the probe ¢25x100

(9 z) for the probe ¢25x100

4.2 The quenching of the probe ¢50x150

The results of 1D search of heat transfer coefficient during quenching of the probe ¢50x150 in
40 °C temperature water in marked points of the z axis are shown in Fig. 19. The spatial linear
interpolation of heat transfer coefficient (¢, z) and (<% z) is not given due to limited space of
the paper. Fig. 20 depicts the heat transfer coefficient as a function of surface temperature for
the probe ¢50x150 calculated in the six values of the z coordinate.
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Fig. 19 Time functions f;(), f3(¢), and f3(¢) for the
probe ¢50x150 in marked points of z axis
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Fig. 20 Heat transfer coefficient (9 z) for the
probe ¢50x150 in marked point of z axis

Fig. 21 shows the results of comparison of measured (TC,,) and calculated (TC,) temperatures
in all four observed (5, 6, 7, 8) points of computational domain. The largest local deviation in
Figure 21 A8nax = 38 °C (4.5 %) is shown in the central measuring point. Other cooling
curves have local deviation less than 1.2 %.
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Fig. 21 Comparison of simulated and measured
temperatures during quenching of the probe ¢50x150

4.3 The quenching of the probe ¢75x225
The results of 1D search of heat transfer coefficient during quenching of the probe #75x225 in
40 °C temperature water in marked points of the z axis are shown in Fig. 22. Fig. 23 depicts

the heat transfer coefficient as a function of surface temperature for the probe ¢75x225
calculated in the six values of the z coordinate.
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Fig. 22 Time functions f(?), fx(¢), and f5(¢) for the
probe ¢75x225 in marked points of z axis
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Fig. 23 Heat transfer coefficient (9,z) for the probe
@#75x225 in marked points

Fig. 24 shows the results of comparison of measured (TC,,) and calculated (TC,) temperatures
in all four observed (9, 10, 11, 12) points of computational domain. The largest local
deviation in Fig. 24 A8y = 40 °C (4.7 %) is shown in the central measuring point. Other
cooling curves have local deviation less than 1.2 %.
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Fig. 24 Comparison of simulated and measured
temperatures during quenching of the probe ¢75x225

Figures 14, 19 and 22 local heat transfer coefficients at height z=H/2 of each probe have
expressed extremes due to lower influence of heat transfer of probes to water, whereas heat
transfer base to water has pronounced effect on heat transfer coefficients at heights z=0 and
z=H. Figures 17, 20 and 23 local heat transfer coefficients are not expressed at height z=H/2.
The reason is insufficient number of linear interpolations of the heat transfer coefficient at

specific heights of z axis, which cuts certain peaks.
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The common review of dependence of heat transfer coefficient on diameter and surface
temperature at height z=H/2 of each probe is shown in Fig. 25.
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Fig. 25 Heat transfer (9, D) at a height H/2

The maximum values of local heat transfer coefficients from lower to higher probe diameter
are 6700, 6260, 4980, W/(m’K).

5. Conclusion

In order for results of heat transfer coefficient to be in acceptable boundaries, it was
necessary to provide quality guidance of experimental work, as well as computer simulations
of conducted experiments. The common observation for all the obtained heat transfer
coefficient solutions is reflected in the deviation of the measured and simulated cooling
curves. Significant deviations are shown in the central measurement point for each simulation.
The maximum value of the deviation is 4.7%. Other measuring points were below acceptable
3%. Three cooling curves were obtained with measurements near to the cooling surface of the
probe, while the central cooling curve is the furthest one, and is therefore the least sensitive to
changes that come within the cylinder surface. The deviation in the measured and calculated
cooling curves can be attributed to the introduced assumptions in the 2D axisymmetric
computed model. In addition, there are also the accuracy and rate of collected data, as well as
experience in manual selection of time steps, which require the value of heat transfer
coefficient. Faster quenchants have strong dynamics of the vapor film, which caused the
increase in number of search times, so as to describe the cooling curves more accurately, or
acquire local extremes of heat transfer coefficient. Novelties used in the paper are reflected
through the experimental and simulation part of the paper. In the experimental part of the
paper, the novelty is construction of measuring equipment that provides the constant flow rate
of the cooling fluid around the test cylinder, and also the test cylindrical probes are improved
from two, [1], to four, [12], thermocouples arranged within the probe. The simulation part of
the paper is reflected through the application of hybrid algorithm for determining the heat
transfer coefficient in 2D axisymmetric inverse heat conduction problem, [11]. Finally, we
expanded the knowledge on numerous realistic values of heat transfer coefficient for three
dimensionally different test cylinders.
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