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a b s t r a c t 

Solving the Inverse Heat Conduction Problem (IHCP) is a common approach to estimate the surface heat 

fluxes involved in transient, quenching experiments. The inverse problem presents several challenges, 

such as accounting for the non-uniqueness of its solution, for the effects of noise, or for other practical 

issues affecting the experimental input data, such as the thermal contact of the internal temperature sen- 

sors. In this paper, possible sources of inaccuracy in the IHCP solution and their effect on the estimated 

surface heat flux in experiments on quenching by water jet impingement are systematically investigated. 

A “virtual experiment” approach is followed to analyze the effect of a noise cancelling technique, the 

ambiguity in initial conditions and the quality of the thermocouple contact on the accuracy of the heat 

flux estimations. The results show that the invalid assumption of perfect thermal contact between ther- 

mocouple and test plate leads to overestimation of surface temperature in the initial stages of quenching. 

Based on these results, two measures are proposed to avoid misinterpretation of quenching heat flux 

estimations when solving the IHCP. 

© 2022 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

1

u

a  

d

s

t

e

fl

s

s

a

i

u

i

b

c

i

E

n

c

e

d

u

p

f

s

h

e

s

p

m

s

n

a

i

t

h

0

. Introduction 

Quenching is the process of fast cooling of hot objects by a liq- 

id. A well-known application is quench-cooling of steel plates by 

 series of water jets on the Run Out Table (ROT) of steel pro-

uction plants. In order to control and improve the quality of the 

teel, knowledge of the details of the cooling process, and hence of 

he surface heat fluxes involved, is required. Transient quenching 

xperiments have been reported, with the aim to study the heat 

uxes during quenching in a controlled environment [1–5] . The re- 

ults are used to produce the so-called boiling curve, presenting 

urface heat flux versus surface temperature, at various locations 

t the surface of the quenched plate. In the specific case of quench- 

ng of steel plates by water jet impingement, the boiling curve is 

sed as input for online and offline ROT control systems. The boil- 

ng curve resulting from quenching by water jet impingement can 

e used in the same way as Nukiyama’s pool boiling curve [6] to 

onnect to prevailing boiling regimes or interfacial topologies, be 

t that the boiling regimes are different for the two curves. It is 
∗ Corresponding author. 
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oted that the use of boiling curves is not only practical for appli- 

ations but also partly historical. The use of dimensionless param- 

ters to generalize the findings is of course preferable, but seldom 

one with primary boiling data. The reason for this is the non- 

niqueness of the set of dimensionless criteria involved in two- 

hase flows with heat transfer. 

The surface heat flux and temperature estimations are there- 

ore important to know, both for applications and for the analy- 

is of measurements. At the same time, accurate determination of 

eat flux and surface temperature is the main challenge of such an 

xperiment. In addition, direct experimental validation is cumber- 

ome. Direct surface temperature measurements have hardly been 

erformed in this research field [7,8] . This is due to the complex 

achining and weak mechanical stability of surface temperature 

ensors [7] , but also due to their interference with the boiling phe- 

omena occurring at the surface [9] . The mere presence of a sensor 

t the surface, as well as the adhesives and grooves necessary for 

nstallation, affect bubble nucleation and hence the boiling regimes 

hat occur on the sensor. As a result, it is impossible to corroborate 

f the results are representative of the whole surface or only of the 

henomena occurring on the sensor. Consequently, the most used 

emperature measurement technique is by thermocouples that are 

elded or fixed inside the steel plate with some thermally conduc- 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Schematic representation of the Direct Heat Conduction Problem (a, DHCP), 

Inverse Heat Conduction Method (b, IHCM) and Inverse Heat Conduction Problem 

(c, IHCP). 

t

c

i

h

t

w

r

a

c

a

d

P

v

m

t

s

i

T

c

f

t

q

c

p

i

t

ive paste [1–3,10–12] . In such experiments, the experimental data 

onsists of the internal temperature histories at various locations 

nside the plate. These data can be used to estimate the surface 

eat flux and surface temperature during the experiment. 

A typical Direct Heat Conduction Problem (DHCP) consists of 

he calculation of the internal temperature distribution in a body 

ith known boundary conditions at the plate surface using a Di- 

ect Heat Conduction Method (DHCM, Fig. 1 a). In the case of 

 quenching experiment, the situation is reversed: the boundary 

ondition (surface heat flux) is unknown and the internal temper- 

ture (experimental data) is known. The unknown boundary con- 

ition can be estimated by solving the Inverse Heat Conduction 

roblem (IHCP, Fig. 1 c). The IHCP solution is solved using an In- 

erse Heat Conduction Method (IHCM, Fig. 1 b). The IHCM opti- 

izes the unknown surface heat flux by solving the DHCP itera- 

ively minimizing the difference between the calculated and mea- 

ured internal temperature data. There are two types of IHCM: 

n-house algorithms [13] and commercial codes, among which IN- 

EMP is the most often used [14,15] . 

As in all inverse problems, the IHCP is an ill-posed mathemati- 

al problem. This leads to the following numerical issues: 

• The solution to the problem is not unique. The input to solve 

the IHCP is an internal temperature history, but identical in- 

ternal histories can be found for different boundary conditions. 

This is clearly explained by Karwa [16] , who showed that heat 

diffusion leads to an internal temperature history where the 

high frequency component present in the surface heat flux is 

lost. The loss of high frequency information is worse at loca- 

tions deeper below the surface. For this reason, the tempera- 

ture sensors are always installed as closely to the surface as 

possible. 
• Slight noise or measurement error in the temperature history 

measured inside the plate is amplified in the estimated sur- 

face heat flux. A small temperature fluctuation at a location 
2 
relatively far from the surface can only be caused by a large 

heat flux fluctuation at the surface. Installation of the ther- 

mocouple as closely to the surface as possible also mitigates 

this problem, but the inherent presence of noise in the ex- 

perimental data makes this a crucial issue. The amplification of 

data noise can be mitigated by two numerical techniques. The 

first is filtering the temperature data prior to solving the IHPC 

[17] . The second is the implementation of the Tikhonov regu- 

larization technique [14] , consisting of a penalty on high fre- 

quency components during the optimization of the surface heat 

flux. In both techniques, it is crucial to find the optimal ex- 

tent to which the technique needs to be applied: over-filtering 

(or over-penalizing) leads to loss of physical high frequency 

components in the surface heat flux, while under-filtering (or 

under-penalizing) does not remove all non-physical high fre- 

quency components [18,19] . 

Apart from these mathematical challenges, errors can also arise 

rom the following technical issues: 

• The initial conditions of the plate are not precisely known. Al- 

though accurate determination of the initial temperature pro- 

file might sound trivial, in practice this proves to be a chal- 

lenge. The known initial conditions immediately before quench- 

ing correspond to the thermocouple locations, but in order to 

accurately estimate the surface heat flux during the first in- 

stants of quenching the complete temperature distribution be- 

fore quenching must be defined in the IHCM. In practice, inho- 

mogeneous heating in the oven and cooling by the environment 

after removal from the oven and before the start of the jet im- 

pingement lead to an unknown initial temperature distribution. 

The general approach is to assume a homogeneous initial tem- 

perature distribution based on the thermocouple data before 

impingement. Errors can be minimized by ensuring that the 

test plate reaches a stable temperature in the oven and min- 

imizing the time that the test plate spends outside the oven 

prior to quenching. However, a homogeneous initial temper- 

ature distribution is practically impossible to be realized. Al- 

though the change in temperature of the plate may be esti- 

mated by computation of convective cooling, the values of the 

heat transfer coefficients are not precisely known. 
• When solving the IHCP, the thermocouple is generally consid- 

ered to have perfect thermal contact with the steel plate, and 

thus the temperature recorded by the thermocouple is assumed 

to be equal to the temperature at the thermocouple location 

if the sensor would not be there. In practice, perfect thermal 

contact is impossible. Welding of thermocouples might create 

cracks in the steel or affect the local microstructure of the test 

plate, which in turn affects the heat transfer in the vicinity of 

the thermocouple joint. Thermal paste cannot guarantee perfect 

thermocouple contact either, given the relatively low conductiv- 

ity of paste materials as compared to steel and the possibility 

to create cracks or air pockets during the curing of the paste. In 

addition, given the fact that the thermocouple shield and filling 

materials have different thermal properties than the steel test 

plate, the thermocouple affects the heat conduction in the plate 

and, consequently, the IHCP results [20] . Since the exact values 

of these resistances are unknown, it is not straightforward to 

take them into account in the IHCM to reduce the errors in the 

estimation of the surface heat flux. 

In this paper, the effect of the above mentioned issues on 

he accuracy of the IHCM will be analyzed. Recently published 

uenching experiments revealed the connection between interfa- 

ial topologies, flow patterns and time after the start of jet im- 

ingement. The corresponding heat transfer data will be analyzed 

n Section 2 in order to reveal inconsistencies. On these inconsis- 

encies a hypothesis will be based that is subsequently investigated 
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Fig. 2. Schematic representation of the effect of initial temperature in the boiling 

curve reported in literature. 
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n the remainder of the paper. In Sections 3 and 4, a “virtual ex- 

eriment” approach is used to quantitatively analyze the effect of 

arameter settings in the Tikhonov regularization technique, of ini- 

ial conditions, and of thermocouple thermal contact on the accu- 

acy of the IHCM. The main aim is to study whether underesti- 

ating the thermal resistances between test plate and thermocou- 

le leads to a systematic underestimation of the surface heat flux 

nd overestimation of the surface temperature in the first stages of 

uenching. Finally in Sections 5 and 6 , two recommendations are 

roposed to avoid misinterpretation of experimental results and 

onclusions will be summarized. 

. Inverse heat conduction method and possible source of 

rrors 

As commented above, solving the IHCP is a challenging task 

ince there are multiple potential sources of errors. An added chal- 

enge is that when using experimental data, the exact solution of 

he IHCP is unknown, making it almost impossible to assess the 

ccuracy of the resulting heat flux and temperature estimations. 

ortunately, recent experimental developments have made it pos- 

ible to couple temperature data to visual observations of the flow 

atterns on the coolant side, i.e. in the jet. Since the heat transfer 

oefficients and plate temperatures of these flow regimes can be 

stimated, the trustworthiness of the outcomes of the IHCM can 

e judged. This will be done in the present section. Two incon- 

istencies will be revealed, concerning the estimated temperature 

f the surface during the initial stages of the experiment and the 

ffect of the initial plate temperature on the boiling curve. In the 

nal part of this section, we will present a hypothesis that would 

xplain these inconsistencies in terms of errors arising from the 

HCP. 

.1. Overestimation of the surface temperature 

When quenching a hot steel plate with subcooled water, the 

iterature agrees that a sharp increase of surface heat flux occurs 

pon rewetting, or direct water-surface contact. This results in a 

harp surface temperature decrease and it is generally reported 

o occur immediately (or almost immediately) upon jet impinge- 

ent. This sharp increase of heat flux contains an important high 

requency component, which is known to be compromised by the 

HCM. Although judging its accuracy is a difficult task, we can use 

he visual information provided by Leocadio et al. [4,5] . 

Leocadio uses a borescope to perform direct high speed visu- 

lization recordings of the jet stagnation zone in the initial mo- 

ents of quenching. The high speed recordings are analyzed and 

ompared to the surface heat flux and temperature histories pro- 

ided by INTEMP, which was used to solve the IHCP. Leocadio et al. 

eport a surface temperature of 703 ◦C when the borescope record- 

ngs show stable nucleate boiling in the complete stagnation zone. 

owever, stable contact of liquid with the plate, as occurs in nucle- 

te boiling, is thermodynamically impossible above the thermody- 

amic limit of water superheat [21] . The situation of stable nucle- 

te boiling in the stagnation zone reported by Leocadio et al. can 

nly occur if the actual surface temperature is much lower than 

03 ◦C, meaning that their reported IHCM solution overestimates 

he surface temperature in the first instants of quenching. Leoca- 

io et al. explain this overestimation of the rewetting temperature 

y an assumption of constant heat flux in a zone where multiple 

oiling regimes occur simultaneously [5] . However, this explana- 

ion is not valid in cases where a single boiling regime is observed 

n the entire uniform heat flux zone. 
3

.2. Effect of initial temperature on the boiling curve 

The effect of initial plate temperature on the boiling curve has 

een studied in several transient quenching experiments and the 

esults are consistent [2,3,10] . The general trend is illustrated in 

ig. 2 : both the maximum heat flux and the surface temperature at 

hich it occurs increase with increasing initial plate temperature. 

Although this effect is widely agreed upon, a physical interpre- 

ation has never been provided, as far as the authors are aware. 

he trend is in fact hard to explain based on common knowledge 

f boiling heat transfer. If one traces a vertical line at constant sur- 

ace temperature, for example the dashed line in Fig. 2 , the inter- 

ection points with the boiling curves correspond to experiments 

hat started at different surface temperatures. At these points, the 

xperiments have equal jet properties and equal instantaneous sur- 

ace temperature, but still show significantly different surface heat 

uxes. The only explanation for different heat fluxes on the coolant 

ide along the dashed line would be different gas-liquid interfacial 

opologies and different flow dynamics at equal jet and equal sur- 

ace conditions, which is unlikely. Note that for later stages of the 

xperiment, the trend is as boiling theory dictates: equal surface 

emperatures correspond to equal surface heat fluxes. 

The results reported in literature show another common char- 

cteristic in the negative slope side of the boiling curve: the slope 

n the initial stages of the experiment seems to be independent of 

he initial temperature [3,10] . However, stagnation zone recordings 

how significantly different boiling regimes in the first instants of 

uenching, for different initial plate temperatures. Leocadio et al. 

5] report stable nucleate boiling directly after impingement at 

nitial temperatures below 450 ◦C. For initial temperatures above 

50 ◦C they report film boiling regime to occur during a short time 

nterval after impingement, with increasing duration at higher ini- 

ial temperatures. Gomez et al. also report significant changes in 

he boiling regimes during the initial stages of the experiment at 

ifferent initial plate temperatures [21] . The fact that the boiling 

urve slope in the initial stages of quenching is independent of the 

nitial temperature in a range in which the boiling regimes vary 

ignificantly indicates that this slope might not be physically cor- 

ect. 

.3. Hypothesis 

Based on thermodynamic considerations and recent visualiza- 

ion studies of flow regimes during quenching, two inconsistencies 

ere revealed in the previous section: an overestimation of surface 
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Fig. 3. Schematic representation of the hypothetical effect of the IHCM in the esti- 

mated boiling curve. 
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Fig. 4. Schematic representation of the virtual experiment procedure. 

Fig. 5. Numerical domain, mesh and definition of boundaries. 
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emperatures in the initial stages of quenching and an irrational ef- 

ect of initial temperature on the shape of the boiling curves. 

Studies reported in literature [10,21] agree that quenching with 

ubcooled water jets results in either immediate rewetting or very 

hort film boiling periods in the order of milliseconds, at least at 

nitial temperatures below 900 ◦C. As a consequence, a sharp in- 

rease of heat flux comparable to a step function is expected. Such 

 step function rise of the boiling curve has been claimed to be the 

ase for industrial quenching technologies that impede the forma- 

ion of a stable film boiling regime [22] . 

Our hypothesis is based on the discrepancies stated in the pre- 

ious section and is the following. The real boiling curve at differ- 

nt initial temperatures follows the trend illustrated by the con- 

inuous lines in Fig. 3 . A step-like increase in heat flux occurs 

pon impingement, granted that rewetting is immediate or al- 

ost immediate. A single boiling curve is shared for different ini- 

ial temperatures. Due to the limitations of the IHCM presented 

n Section 1 , the high frequency component of the step-like heat 

ux increase at jet impact is lost. As a result, the surface heat flux 

s underestimated in the initial stages of the experiment, resulting 

n an overestimation of the surface temperature. This leads to the 

oiling curve trend illustrated by the dashed lines in Fig. 3 . This 

ypothesis will be investigated in the following sections. 

. Virtual experiments procedure 

.1. Definition 

In order to assess the performance of the IHCM as data process- 

ng tool, the boundary condition at the top of the plate must be 

nown in the course of time. Since this boundary condition is un- 

nown in practical experiments,it is then impossible to assess the 

ccuracy of the solution. In order to circumvent this and evaluate 

he accuracy of the IHCP solution, a special routine was designed 

nd named “virtual experiment”. 

The virtual experiment strategy is illustrated in Fig. 4 . A known 

eat flux history is implemented as boundary condition in a DHCP. 

he DHCP solution is the internal temperature history at all places 

n the plate. From the DHCP solution, the temperature history at 

ne or more internal locations is extracted. These internal locations 

orrespond to sensor locations in the test plate and the thermo- 

ouple positions in a real experiment. The corresponding tempera- 

ure histories will be named virtual experiment data. Subsequently, 

he virtual experiment data are used as input for the IHCP. Note 

hat if analytical solutions would be available for the DHCP, these 

ould be used to produce the virtual experiment data at the se- 
4 
ected sensor locations. The IHCP is ill-posed, because the bound- 

ry condition at the top of the plate is unknown. The initial tem- 

erature profile is given and constant and the fluxes at the other 

oundaries are prescribed and constant as well. The way the IHCP 

s solved will be detailed below. 

The solution of the IHCP is an estimated boundary condition 

surface heat flux), which in an ideal scenario should match the 

nown boundary condition that was given as input to the DHCP. 

ith the aid of this virtual experiment, the error in the IHCP solu- 

ion can be objectively quantified. 

The virtual experiment does not only allow to evaluate the 

HCM itself, but also the effect that external factors may have on 

ts solution. Some of these factors are illustrated in blue in Fig. 4 .

ne can, for example, explore the effect of additional heat transfer 

esistances in the vicinity of the thermocouple, the effect of data 

oise or the effect of the noise cancelling techniques. 

.2. Spatial discretization 

The domain shown in Fig. 5 is meshed using triangular ele- 

ents. The maximum edge length was optimized to a value of 

 . 4 · 10 −5 m. The heat transfer problem is solved in axisymmetric 

oordinates with the edge E1 as the symmetry axis. 

The domain consists of 3 different subdomains (F1, F2 and F3). 

ubdomain F1 is based on the typical size of the drill tip used to 

ake the thermocouple holes (0.2 mm depth). The dimensions of 

ubdomain F2 are based on the typical distance between 2 ther- 

ocouples in quenching experiments (approximately 1 cm, [10] ). 

ubdomain F3 is based on the typical thermocouple dimensions 

1 mm diameter). The location of subdomains F1 and F3 is selected 

uch that the thermocouple tip (green marker) is located 1 mm 

elow the top surface and at the axis of symmetry. The materi- 

ls used in each subdomain for each studied case are summarized 
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Table 1 

Definition of domain materials for each studied case. 

Case DHCP Materials IHCP Materials 

F1 F2 F3 F1 F2 F3 

Single Material Steel 304 Steel 304 

Thermal Paste, Ignored Silver paste Steel 304 Mullite Steel 304 

Thermal Paste, Considered Silver paste Steel 304 Mullite Silver paste Steel 304 Mullite 

Table 2 

Thermal properties of the defined materials. 

Material Thermal Conductivity (W/mK) Thermal Diffusivity ( m 

2 /s ) 

Stainless Steel 304 22.7 5 ·10 −6 

Thermal Paste 1–10 1.7 ·10 −7 - 1.7 ·10 −6 

Mullite 5 2.1 ·10 −6 

Fig. 6. Heat flux history (left) imposed to solve the DHCP and resulting boiling curve (right). 
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Fig. 7. Boiling curve solution of the direct problem and effect of the time step on 

solutions of the IHCP. 

f

t

3

T  
n Table 1 . The material properties are summarized in Table 2 . 

n single material cases, the 3 geometries are assigned stainless 

teel 304 properties. In cases where the thermocouple and ther- 

al paste are considered, F1 has the properties of silver paste, F2 

as the properties of stainless steel AISI/SAE 304 and F3 has the 

roperties of mullite (thermocouple filler material). 

The above spatial discretization is used in the IHCP where the 

roblem is ill-posed due to the unknown heat flux at the top sur- 

ace and due to the noise in the temperature history given input 

o the problem. The above spatial grid as well as finer grids have 

een used in the solution of the DHCP. The choice of grid in the 

HCP does not affect the ill-posed-ness of the IHCP since only the 

emperature history at a single location in the domain will be used 

or the IHCP. This is further explained in the next section. 

.3. Direct heat conduction problem 

A homogeneous initial temperature equal to 600 ◦C is pre- 

cribed in the complete domain described in Section 3.2 . The 

oundary conditions are a prescribed heat flux at edge E2 and adi- 

batic edges E3 and E4, see Fig. 5 . 

The heat flux prescribed at edge E2 is uniform with a history 

s shown in Fig. 6 (left). This history is designed such that it leads

o a boiling curve ( Fig. 6 , right) close to the one of our hypothesis

 Fig. 3 ). 

The DHCP is solved with the Partial Differential Equation Tool- 

ox of Matlab for a total physical time of 7.5 s with a time step of

5 ms. The mesh described in Section 3.2 is used but only the time

istory predicted at the thermocouple location, the green point in 

ig. 5 , is used in the inverse heat problem. It has been verified that
5 
urther reduction of the time step and that further refinement of 

he spatial grid do not change the boiling curve in Fig. 7 . 

.4. Inverse heat conduction problem 

The Inverse Heat Conduction Problem (IHCP) is solved using IN- 

EMP on the mesh shown in Fig. 5 . The materials used in the IHCP
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Fig. 8. L-curve of the case study with thermal paste. 
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n each geometry for each studied case are summarized in Table 1 . 

dge E1 is defined as the symmetry axis and edges E3 and E4 are

efined as adiabatic. The temperature profile at the thermocou- 

le location resulting from the DHCP is used as input in INTEMP. 

n order to simulate the effect of data noise, random white noise 

s added to the DHCP temperature profile in a range of ±0 . 75%

f the temperature data, with an amplitude based on the error 

ange of grounded K-type thermocouples [10] . A linear congruen- 

ial pseudo-random number generator of the recursive type was 

sed, which generates nearly uniformly distributed values on the 

nterval chosen. In this way the stochastic variation in actual tem- 

erature measurements as registred by thermocouples is simulated 

n the temperature history at the thermocouple location that is the 

tarting point for the inverse heat problem computations. he uni- 

orm surface heat flux at edge E2 is essentially the solution of the 

HCP. The time step of 67 ms was chosen based on the timestep of 

5 ms of the direct problem. A timestep of 33 ms yields fairly op- 

imistic agreement with the direct solution results, see Fig. 7 . The 

imestep of 67 ms that has been chosen for the IHCP does not yield

nrealistically optimistic agreement with the direct solution result. 

his satisfies the requirement of Kaipio and Somersalo to prevent 

he so-called inverse crime [23] (pages 5 and 24). It has been veri- 

ed that the timestep of 67 ms facilitates quick convergence of the 

ptimization algorithm of INTEMP. 

The equation of heat diffusion that is solved in the IHCP takes 

he following general form: 

c p 
∂τ

∂t 
= 

∂ 

∂x 
k x 

∂τ

∂x 
+ 

∂ 

∂y 
k y 

∂τ

∂y 
(1) 

here the heat capacity per unit volume, ρc p , and the heat con- 

uctivities, k x and k y , may vary spatially. Time τ is discretized with 

 t fixed timesteps each of duration �t and either a Crank-Nicolson 

r a fully implicit scheme is chosen to discretize the heat equa- 

ion governing the temperature field τ . In the implicit formulation, 

he conduction model can be written as 

 

C i + K i �t ) · T (t i +1 ) = C i · T (t i ) + �t q i,known + �t P · q i,unknown 

(2) 

here the suffix i indicates values at time t i , C is a diagonal capac-

tance matrix, T is the vector of all n nodal temperatures, K is a 

ymmetric conductance matrix, q i,known is a vector of size n of the 

nown heat fluxes (zero at many places), q i,unknown is a vector of 

ize ( n q x 1) of all unknown heat fluxes ( n q = 1 in the examples

elow) and P is a participation matrix of size ( n x n q ). The input

ata is in our case one single temperature history { d j } j . Intemp

olves for the fluxes q i,unknown by minimimizing the sum 

 − norm + F − norm 

ith E-norm the least square error of the predicted and input tem- 

erature history at the thermocouple location: 

 − norm = 

N t ∑ 

j=1 

(
UT (t j ) − d j 

)2 
, (3) 

here U is a matrix, in our case of size (1 x n ), identifying the

hermocouple location where the input data are retrieved, and 

ith F-norm the regularization term: 

 − norm = B 

N t ∑ 

j=1 

(
f j 
)2 

. (4) 

oefficient B is named the regularization coefficient. 

The above regularization is named Tikhonov’s regularization 

ethod and is based on penalizing high frequency components in 

he surface heat flux. The degree of penalization is controlled by 

he value of a parameter B. The higher the value of B, the stronger
6 
s the penalization for high frequency changes in the heat flux es- 

imation. If B is too high, the physical high frequency components 

re underestimated, or even not resolved at all. If B is too low, the 

oise in the temperature data is translated to non-physical high 

requency components. 

The optimal B-value has been chosen with the aid of the so- 

alled L-curve method, see [15] . A typical example of L-curves of 

his study is shown in Fig. 8 below. The way to select a B-value

s to minimize both the E-norm and the F-norm, which for this 

gure yields the B-value of 1.0 e-11. 

The method used to minimize the functional is dynamic pro- 

ramming with the aid of recurrence formula. The details are 

iven in the appendix of the article “Numerical solution to a two- 

imensional inverse heat conduction problem” by Busby and Tru- 

illo [14] . 

. Exploring the IHCM limitations 

.1. Effect of data noise and noise cancelling technique 

In this section, the effect of data noise and the effect of the 

oise cancelling technique itself are studied. First, a virtual tem- 

erature data set is generated by solving the DHCP corresponding 

o a pure steel test piece with perfect thermocouple contact and 

pplication of the predefined heat flux history shown in Fig. 6 . The 

esulting temperature data at a depth of 1 mm is then used to 

olve the IHCP in noiseless conditions. In order to study the effect 

f data noise, we add white noise in a range of ±0 . 75% of the tem-

erature. Since INTEMP requires the definition of a value of B even 

n noiseless conditions, the effect of the value of B is presented 

hen using both noiseless and noisy data. 

Fig. 9 shows the IHCP solutions for using noiseless data with 

ifferent values of B. Even in noiseless conditions, the heat flux 

stimations are affected by the choice of B. In this case, the op- 

imum B value according to the L-curve method ( 1 · 10 −12 ) shows 

he most satisfactory estimation. 

Fig. 10 shows the results when noise is added to the tempera- 

ure. In this case, the effect of Tikhonov’s regularization method is 

learer. The optimum value of B obtained by the L curve method is 

qual to 1 · 10 −11 . The optimum B value leads to the most accurate 

eat flux estimations, and shows only small amplitude oscillations 

s a consequence of the noise. When using a larger B ( 1 · 10 −10 ),

he heat flux is underestimated in the initial stages of the virtual 
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Fig. 9. Effect of B on the IHCP solution when using noiseless temperature data. 

Fig. 10. Effect of B on the IHCP solution when using temperature data with noise. 
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Fig. 11. Effect of inaccurate initial condition on the IHCP solution. 
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xperiment. On the other hand, a lower B ( 1 · 10 −12 ), leads to fit-

ing of the data noise and results in non-physical heat flux oscil- 

ations. For later reference, it is important to note that Tikhonov’s 

egularization cannot distinguish physical from non-physical heat 

ux oscillations. If the IHCP yields oscillations, it cannot be distin- 

uished whether they result from a too low value of B or whether 

hey are physical. Moreover, if the physical frequencies are in the 

ame order as the noise frequencies, they will be smoothened even 

hen using the optimum B value. The authors obtained similar re- 

ults when using data filtering as a noise cancelling technique. 

.2. Effect of the IHCP initial conditions 

As discussed in Section 1 , the IHCP solution depends on the 

hosen initial conditions. Determination of the real initial condi- 

ions is impossible, since thermocouple measurements before im- 

ingement do not reveal temperature gradients across the test 

late. Since the initial conditions used in the IHCP are usually 

ased on the data obtained at the thermocouple location, the ef- 

ect of a small temperature difference across the plate is amplified. 

n this section we study the effect of wrongly assumed initial con- 

itions in the IHCM. 

The noiseless data set generated for the previous section to 

olve the IHCP with the ideal B ( 1 · 10 −12 ) is utilized. The initial ho-

ogeneous temperature distribution in the complete domain used 

n the IHCM is changed with -3, -1, +1 and +3 ◦C with respect to

he DHCP initial temperature. The effect of this offset in the initial 
7 
emperature is presented in Fig. 11 . As expected, a negative off- 

et leads to underestimation of the surface heat flux in the initial 

tages of quenching. A positive offset leads to overestimation of the 

urface heat flux. The strong deviation in the heat flux in the initial 

tages of the experiment is a result of the correction that the IHCM 

ust make in order to compensate for the difference between the 

emperature defined in the bulk of the simulated domain and the 

nput temperature data. 

Surprisingly, a larger offset does not affect a bigger part of the 

oiling curve: the IHCP solution seems to stabilize at the same 

oint on the boiling curve independently of the change in the ini- 

ial temperature. Similar to the effect of B in the previous section, 

he most affected period is the initial stage of quenching. 

The most likely error in practice is an underestimation of the 

nitial temperature. Prior to jet impingement, the plate must be 

emoved from the oven and placed in the setup. During this time, 

he plate surfaces cool down more than its interior. Since the ther- 

ocouple is located close to the surface, it is expected that the 

hermocouple reading is lower than the temperature in the inte- 

ior of the plate. 

.3. Effect of thermocouple contact 

The assumption of perfect thermocouple contact is commonly 

ade when solving the IHCP. In this section, the effect of this as- 

umption on the IHCP solution is studied. Using the same pre- 

cribed heat flux history as before, an extra thermal resistance 

round the thermocouple tip location is implemented in the DHCP. 

he extra resistance is added as a different material in the sub- 

omain F1, corresponding to thermal silver paste. Its thermal con- 

uctivity is set to 2 W/mK, which is within the range of typical 

hermal conductivities of this material (based on information pro- 

ided by suppliers). The silver paste is added to a region equivalent 

o 0.2 mm around the thermocouple tip, which is based on the di- 

ensions of a 1.1 mm drill with triangular tip used for thermocou- 

le installation by Leocadio et al. [5] . This thermal resistance added 

o the DHCP corresponds to the actual extra resistance of the ther- 

al paste. The resulting temperature profile at the thermocouple 

ip location is used to solve the IHCP after addition of noise and 

ith an ideal value for B of 1 · 10 −11 . 

Fig. 12 shows the difference between the IHCP solution with 

nd without considering the thermal paste. The comparison shows 

he consequence of assuming perfect thermocouple contact when 

n additional resistance is in fact present during the experiment. 

s can be seen, the boiling curve is strongly affected in the ini- 

ial stages of the experiment, where the step-like heat flux in- 
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Fig. 12. Effect of wrongly assumed perfect thermocouple contact on the IHCP solu- 

tion. Boiling curves. 

Fig. 13. Effect of wrongly assumed perfect thermocouple contact on the IHCP solu- 

tion. Heat flux history in the initial stages of experiment. 
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Fig. 14. Effect of wrongly assumed perfect thermocouple contact in the IHCP solu- 

tion. Surface temperature history in the initial stages of experiment. 

Fig. 15. Effect of initial temperature in the boiling curve with wrongly assumed 

perfect thermocouple contact. 
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rease occurs. At later stages of the experiment, the estimation of 

ower frequency heat flux components is accurate despite the ig- 

ored added resistance. The reason for this is physical and is that 

t later times the Fourier number corresponding to the thickness 

f the plate is large which implies that temperature profile varia- 

ions are mainly in radial direction. Ignoring the silver paste resis- 

ance leads to a boiling curve that strongly resembles the typical 

rend published in literature when quenching by subcooled water 

et impingement [3,10] . The quench cooling studies published in 

iterature interpret the negative slope section as representation of 

 physical phenomenon, usually a transition boiling regime similar 

s the one reported for pool boiling. However, direct visualizations 

f the stagnation zone do not support this interpretation and show 

hat the maximum heat flux occurs well after stable nucleate boil- 

ng is reached in the complete stagnation zone [5] . 

Fig. 12 also shows the effect of including the silver paste in IN- 

EMP. When considering the additional heat transfer resistance in 

he IHCP, the estimations are significantly closer to the actually im- 

osed boiling curve. 

Fig. 13 shows the heat flux profiles in the first 0.5 s of the ex-

eriment, which lasts a total of 7.5 s. It can be seen that the heat

ux peak occurs after only 0.2 s in the ignored thermal paste case. 

lthough the affected section of the boiling curve in Fig. 12 seems 

o describe a significant part of the experiment, it actually lasts a 

elatively short time compared to the total experiment length. As 
8 
hown in the above, the IHCM results in the initial stages of the 

xperiment are very susceptible to errors and should be carefully 

nalyzed before drawing any conclusions. 

As a result of the underestimation of the heat flux in the initial 

tages of the experiment, the surface temperature is strongly over- 

stimated ( Fig. 14 ). In the virtual experiment, the maximum sur- 

ace temperature overestimation is 50 ◦C after 0.05 s. In a real ex- 

eriment, the overestimation of the surface temperature can even 

e stronger due to a combination of an ignored or underestimated 

hermal resistance of the thermal paste and an inaccurate initial 

emperature. 

In order to confirm this, the virtual experiment presented in 

ig. 12 was repeated at different initial temperatures with equal 

redefined boiling curves. The results ( Fig. 15 ) confirm the hypoth- 

sis and show that ignoring the silver paste thermal resistance 

ight lead to the effect of initial temperature reported in litera- 

ure. Moreover, and in agreement with the cited experimental find- 

ngs, the negative slope of the boiling curve is similar for different 

nitial temperatures. 

Virtual experiments were performed ignoring thermal contacts 

ith different thermal conductivities ( Fig. 16 ). As could be ex- 

ected, the closer the thermal conductivity is to that of steel, the 

etter the estimation of the boiling curve. This shows that optimiz- 

ng the thermal contact is crucial to obtain accurate heat transfer 

stimations. 
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Fig. 16. Effect of thermal paste conductivity on the boiling curve with wrongly as- 

sumed perfect thermocouple contact. 

5

a

a

p

a

c

b

p

o

c

H

i

s

t

m

t

t

o

a

m

s

A

u

q

t

t

m

d

a

p

t

I

l

i

s

t

r

t

q

t

s

e

6

p

p

p

p

i

A

m

m

a

c

c

y

c

t

i

O

t

t

t

c  

f

m

o

i

s

t

D

C

t

h

o

a

H

e

v

F

e

A

i

n

m

t

R

 

 

. Recommendations for temperature measurement and 

nalysis of the IHCP solution 

This manuscript presents a study on the limitations and issues 

ffecting the performance of the IHCM when using INTEMP. An im- 

ortant remark is that the same results were obtained when using 

n IHCM coded in-house using Matlab [19] , showing that the con- 

lusions drawn from this study not only apply to results obtained 

y INTEMP, but also to other IHCM algorithms. It is therefore im- 

ortant to address the consequences these IHCM limitations have 

n real experimental results. 

In this study, the additional thermal resistance in the thermo- 

ouple contact is associated to the presence of thermal silver paste. 

owever, additional thermal resistances can also arise from other 

nstallation methods, such as thermocouple welding. Changes in 

teel microstructure or generation of cracks during welding of the 

hermocouple tip to the steel plate also result in additional ther- 

al resistances. 

It was found that including the extra thermal resistances in 

he IHCM leads to a significant improvement in the accuracy of 

he IHCP solution. However, this requires accurate quantification 

f these resistances. In practice, the resistance is unknown: ex- 

ct thickness of thermal layer, quality of contact between different 

aterials, composition of new steel phases resulting from welding, 

ize and density of air cracks, etc. cannot be accurately determined. 

s a result, the effect of the non-perfect thermocouple contact is 

nknown and accurate heat flux estimations in the initial stages of 

uenching cannot be obtained. 

The main consequences of this inaccuracy are overestimation of 

he surface temperature in the initial stages of the experiment and 

he non-physical peak in the boiling curve. Therefore, we recom- 

end two measures when dealing with this type of experimental 

ata. The first one concerns the interpretation of flow pattern visu- 

lizations and heat flux estimations in the initial stages of the ex- 

eriment. Investigators tend to make a relation between flow pat- 

erns and the surface temperature estimations resulting from the 

HCP solution [4,5] . However, our results show that the IHCP so- 

ution is undoubtedly physically suspect and untrustworthy in the 

nitial stages of the experiment. It is recommended not to make 

uch interpretations, since the IHCP solution will result in surface 

emperatures much higher than expected for the observed boiling 

egimes, as discussed in Section 2.1 . The second measure is not 

o treat the surface heat flux estimations in the initial stages of 

uenching as physical, i.e. transition boiling. The heat flux estima- 

ions in the initial stages of quenching, prior to the heat flux peak, 
9 
hould be treated as non-physical and should be plotted for refer- 

nce using a discontinuous line [2,24] . 

. Conclusions 

It is well known that ambiguities are inherent to inverse heat 

roblems and that uncertainties can be large. In this paper the ap- 

lication of inverse heat conduction methods to quench cooling ex- 

eriments was systematically analyzed. The careful analysis of ex- 

erimental quenching studies presented in this manuscript shows 

naccuracies in the IHCP solution that were not reported until now. 

 hypothesis was put forward and its validity was examined by 

eans of virtual experiments. There are unavoidable, technical and 

athematical issues inherent to quenching experiments, such as 

n imperfect thermal contact between the test plate and thermo- 

ouple, an inaccurate initial temperature distribution and the noise 

ancelling techniques. These factors affect the IHCP outcome, that 

ields boiling curves with high inaccuracy. Specifically, this inac- 

uracy is reflected in the part of the curve that corresponds to 

he instants directly after jet impingement and leads to a signif- 

cant overestimation of the surface temperature during this period. 

ur results indicate that a quench cooling boiling curve for a cer- 

ain set of governing process conditions (jet velocity, jet tempera- 

ure, thickness of the plate, etc.) is independent of the initial plate 

emperature and would have a shape that is close to that of the 

urve in Fig. 3 with an initial sudden rise in the form of a step

unction, corresponding to the rewetting phenomenon. Two recom- 

endations were distilled from these findings. First, it is not rec- 

mmended to relate the surface temperature estimations and boil- 

ng regime observations in the first instants of experiments. And 

econd, it is recommended to treat the heat flux increase during 

he initial stages of quenching as a non-physical artifact. 
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