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Abstract

In this study an iterative and sequential inverse heat transfer analysis procedure is developed and implemented into a two-dimensional
finite element program. The developed program is used to determine the heat fluxes at the stagnation points of stationary hot plates
cooled by impingement water jets in an industry scale test facility. Analysis of data shows that the heat transfer behavior at the stagna-
tion is mainly affected by water temperature and hardly affected by water flow rate with mild effect from steel grade. The features of
boiling curves and the typical values obtained are in good agreement with data in the literature.
� 2006 Published by Elsevier Ltd.
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1. Introduction

Steel strip is one of the most versatile hot rolled products
with a wide variety of applications ranging from automobile
bodies to drink can [1]. While the geometry and surface
quality of steel strips are mainly influenced by the rolling
deformation procedures, microstructure and mechanical
properties highly depend on the controlled cooling proce-
dure on the runout table (ROT). During the specially
designed controlled cooling, the cooling start and finish
temperatures and the cooling rate are exercised accurately
according to the expected property in terms of phase com-
position, size and distribution.

In order to successfully realize the controlled cooling
process on ROT, it is crucial to get the accurate heat trans-
fer coefficient or heat flux value and its distribution along
the length and the width of the plate. The first step hereby
is to investigate the heat transfer phenomena of stationary
hot plate under a single circular jet which is an essential
component of the cooling system used in ROT.
0017-9310/$ - see front matter � 2006 Published by Elsevier Ltd.
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Numerous researches, both experimental and/or numer-
ical, have been performed on the subject of water jet cool-
ing [2–16]. This prior research work has constituted insight
into the water jet cooling on ROT but there are still to
some extent many important points to be examined. Many
research results in the literature address the jet impinge-
ment problem under the steady state conditions, i.e., the
test specimens were constantly heated while being cooled
by water impinging jet. As for the tests using transient con-
ditions, the dimensions of nozzles, the distance of nozzle to
plate are quite small and/or the plate temperatures are low
and may not reflect those used in the industrial practice on
ROT. The results of such research effort have been impor-
tant in providing insight into the problem but, generally,
were difficult to apply to practical situations on ROT.

In the analysis and simulation side, various inverse heat
conduction methods have been developed to evaluate heat
flux or heat transfer coefficient on a heated or cooled sur-
face [17–21]. The advantage of using inverse method is that
only the temperatures measured at some proper internal
locations of the test plate are required. Research work also
showed that the uniqueness and stability of an inverse heat
conduction problem (IHCP) solution could be assured if
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some techniques are adopted even though the IHCP would
be typically ill-posed and would normally be sensitive to
the measurement errors.

This paper presents the following work:

(1) A FEM-based iterative and sequential algorithm and
program for IHCP.

(2) The experimental setup, a ROT test facility of indus-
trial scale constructed at the University of British
Colombia (UBC), and the impingement cooling tests
using one circular water jet [21–24].

(3) The heat fluxes in impingement zone, and the effects
of processing parameters such as water temperature,
water flow rate on the predicted fluxes.

2. Numerical modeling

The modeling and experimental procedures are based on
2D planar and axisymmetric assumption. For completeness
of the treatment, a brief outline of the equations for direct
FE formulation of transient conduction heat transfer prob-
lem is given in the following section. Detailed account of
such formulation may be found in Ref. [25].

2.1. Formulation for direct analysis

The general governing equation for 2D conduction heat
transfer problems, shown in Fig. 1, is written in the form:
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where T is the temperature, �C; qb is the heat generation
per unit volume, W/m3; kx and ky are the conductivities
in the x- and y-directions, respectively, W/m �C; q is the
density, kg/m3; cp is the specific heat, J/kg �C; t is the time,
s; and x, y are the Lagrangian coordinates of point.
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Fig. 1. General conduction heat transfer.
The boundary conditions may be one or a combination
of the followings cases:

Prescribed temperature. This is an example of Dirichlet

boundary condition (BC). The prescribed temperature Ts

(�C) may be function of time and boundary coordinate
(spatial function):

T ¼ T sðx; y; tÞ on S1 ð1:aÞ
Prescribed heat flux. Specified heat flux (qs) may be

spatial function or function of time:

� kx
oT
ox
þ ky

oT
oy

� �
¼ qsðx; y; tÞ on S2 ð1:bÞ

where qs is the specified rate of heat flow per unit area
(W/m2). Prescribed heat flux is an example of Cauchy’s or
Neumann BC. If qs is zero, it will represent a natural BC.

Convection heat exchange. When there is a convective
heat transfer on part of the body surface, S4, due to contact
with a fluid medium, we have:

� kx
oT
ox
þ ky

oT
oy

� �
¼ hðT s � T fÞ on S4 ð1:cÞ

where h is the convection heat transfer or film coefficient
(W/m2 �C), which may be temperature dependent (non-
linear), Ts is the surface temperature (�C) on S4 and Tf is
the fluid temperature (�C), which may be spatial or time
function.

Radiation. Assuming grey body, the BC is given by:

� kx
oT
ox
þ ky

oT
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� �
¼ er½T 4

sr � T 4
r � on S5 ð1:dÞ

where e is the emissivity of the surface of the body, r is the
Stefan–Boltzmann constant (W/m2 K4), Tsr is the absolute
temperature of surface S5 (K) and Tr is the known absolute
temperature of the external radiative source (K). The radi-
ation boundary condition may be dealt with as a nonlinear
convective boundary condition with an equivalent temper-
ature dependent film coefficient, j, where:

j ¼ erðT 2
sr þ T 2

r ÞðT sr þ T rÞ ð1:eÞ
Using a weighted residual Galerkin procedure, the final

finite element equations may be written as:

C _Tþ KT ¼ Q ð2Þ
where C is the equivalent heat capacity matrix, K is the
equivalent heat conduction matrix, T and _T are vectors
of the nodal temperature and its derivatives, respectively,
and Q is the equivalent load vector.

A general family of solution algorithms for Eq. (2) may
be obtained by introducing a parameter a where 0.0 6
a 6 1.0 such that

tþaDt _T ¼ 1

Dt
ðtþDtT� tTÞ ¼ 1

aDt
ðtþaDtT� tTÞ ð3Þ

tþaDtT ¼ atþDtTþ ð1� aÞtT ð4Þ

If a = 0 an explicit Euler forward method is obtained; if
a = 1/2 an implicit trapezoidal rule is obtained; and if
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a = 1 an implicit Euler backward method is obtained.
Substituting Eq. (3) into Eq. (2) and applying Newton–
Raphson iterations yields:

tþaDt Kþ 1

aDt

� �
�C

� �ði�1Þ

DTðiÞ

¼ tþaDtðQbþQsÞþ tþaDtð bQhþ bQrÞði�1Þ � tþaDtð bQcþ q̂cÞði�1Þ

ð5Þ

where a 5 0 and the definition of all terms is given in
Appendix A. All quantities at time (t + aDt) are calculated
from a relation similar to Eq. (4).

Depending on the value of a, the procedure may be
either conditionally stable (a < 0.5) or unconditionally
stable a P 0.5.

Nonlinearities may arise from the dependence of
thermo-physical properties on temperature as for the case
of radiation boundary condition. In the developed pro-
gram, nonlinearities are handled in step-wise staggered
approach, i.e., the values of parameters at the current step
are calculated out based on the temperature at the previous
step and are assumed to be constant during the current
step. The heat generation due to phase transformation
may be treated in a similar manner.

2.2. Formulation for inverse analysis

2.2.1. Basic concepts

An IHCP may be generally converted to an optimiza-
tion problem. The objective function of the optimization
problem may be considered as the sum of the squares of
the differences between calculated and measured tempera-
tures. Due to the fact that inverse problems are generally
ill posed, the solution to the IHCP may not be unique
and would be normally sensitive to measurement errors.
To reduce such sensitivity and improve the simulation, a
number of future time steps (nFTS) are employed in the
analysis of the current step. This means that in addition
to the measured temperature at the current time step Ti,
the measured temperatures at future time steps Tiþ1;
Tiþ2; . . . ;TiþnFTS are also employed to estimate the heat flux
qi.

In the above process, a temporary assumption would be
normally considered for the values of qiþ1; qiþ2; . . . ; qiþnFTS

and is normally called function specification. The simplest
and most widely used one is to use qi+k = qi, for 1 6 k 6

nFTS. The function specification technique works as a reg-
ularization procedure which stabilize the solution process.

To damp the fluctuation of solution due to measurement
error, the objective function may be made more extensive
by including more variables in the expression. A commonly
used variable in this regard is some scalar quantity based
on the heat flux vector q, which may be employed with
some kind of a weighting factor a that is normally called
the regularization parameter. Higher order regularization
parameters involving spatial derivatives of q are normally
not adopted. This may be due to the fact that heat fluxes
in water jet impingement cooling may dramatically change
in space.

2.2.2. Calculation of heat flux

Based on the above discussion, an objective function in
the least-squares method with sequential function specifica-
tion and regularization may be expressed as follows:

F ðqÞ ¼
XN

i¼1

ðTi
m � Ti

cÞ
TðTi

m � Ti
cÞ þ a

XN

i¼1

qiT qi ð6Þ

where Ti
m, Ti

c are the experimentally measured and the the-
oretically calculated temperature vectors at the ith time
step, respectively, qi is the heat flux vector at the ith time
step, a is regularization factor and N is the number of total
steps considered.

The heat flux and temperature vectors are

q ¼ ½ q1 q2 . . . qN �T ð7aÞ

qi ¼ ½ qi
1 qi

2 . . . qi
J �

T ð7bÞ

Ti
m ¼ ½ T i

1m T i
2m . . . T i

Lm �
T ð8Þ

Ti
c ¼ ½ T i

1c T i
2c . . . T i

Lc �
T ð9Þ

where L is the number of measurement points, J is the
number of heat flux components that can be determined
for flux space distribution on surface. It should be noted
that J must be less than or equal to L, the number of mea-
surement points. It should be noted that the dimensions of
the heat flux vector qi at each step is 1 · J while the total
heat flux vector q is J · N as it includes the data in N steps,
and the temperature vector Ti at each step is 1 · L.

Eq. (6) may be written as

F ðqÞ ¼
XN

i¼1

ðTi
m � Ti

cÞ
TðTi

m � Ti
cÞ þ aqTq ð10Þ

It should be noted that the temperature Tk would be
determined or affected only by the heat fluxes qm where
m 6 k. Mathematically we may express Tk as an implicit
function of the heat flux:

Tk
c ¼ f ðq1; q2; . . . ; qkÞ ð11aÞ

or in a successive form as:

Tk
c ¼ f ðTk�1

c ; qkÞ
Tk�1

c ¼ f ðTk�2
c ; qk�1Þ

..

.

T2
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c ; q
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c ; q
1Þ

ð11bÞ

and the following equation is valid:
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The values with a ‘*’ superscript in Eq. (12) may be con-
sidered as initial guess values that would ultimately lead the
temperature Tk�

c .
Now we define the first derivative of temperature Ti

c

with respect to heat flux qi as the sensitivity matrix:

Xi ¼ oTi
c

oqi

¼

a11ðiÞ a12ðiÞ . . . a1J ðiÞ

a21ðiÞ a22ðiÞ . . . a2J ðiÞ

..

. ..
. . .

. ..
.

aL1ðiÞ aL2ðiÞ . . . aLJ ðiÞ

26666664

37777775
arsðiÞ ¼

oT i
cr

oqi
s

ð13Þ

where i = 1, 2, . . . , N, r = 1, 2, . . . , L and s = 1, 2, . . . , J.
The sensitivity matrix Xi is an L · J matrix.

The optimality of the objective function may be
obtained by letting oF/oq = 0 and we get the following
set of equations (note that oF/oq should be done with
respect to each component qi, with i = 1, 2, . . . , N):XN

i¼1

oTi
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oqj
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oqj
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c Þ�aqj� j¼ 1;2; . . . ;N ð14Þ

where qj� is the initial guess of heat fluxes, Ti�

c is the calcu-
lated temperature vector with the initial guess values.

Recalling Eqs. (12) and (13), Eq. (14) may be rearranged
and written in the following form:

ðXT
q¼q�Xq¼q� þ aIÞðq� q�Þ ¼ XTDT� aq� ð15Þ

where X is labelled as the total sensitivity matrix for multi-
dimensional problem and has the following form:

X ¼

X1 0 0 0

X2 X1 0 0

..

. ..
. . .

.
0

XN . . . X2 X1

266664
377775 ð16Þ

and

DT ¼ T1
m � T1�

c T2
m � T2�

c . . . TN
m � TN�

c

� �T ð17Þ

It should be noted that the dimension of matrix X is
(L · N) · (J · N) and DT has dimensions of (L · N). Also,
it is worth noting that performing the calculation in Eq.
(15) may be easily done in the time domain and no function
specification for qi is needed. If the total sensitivity is
known, no iteration is required to get a final solution.

2.2.3. Iterative and sequential algorithms

2.2.3.1. Function specification and iteration technique. A
perturbation algorithm [22] was used to obtain the sensitiv-
ity matrices X1 (only the information at current step was
included in the work presented in [22]). First, a given value
q1� is assumed for all components of the heat flux vector q1

as input in the direct heat transfer calculation to get the
temperature distribution, say T1

0, for the given future steps
at each thermocouple location. Then, one of the compo-
nents, say J component, of heat flux q1 is increased a rea-
sonable amount such as 10% to obtain new temperatures,
T1

J . The ratios of temperature difference at each thermocou-
ple location to the difference of heat flux component J are
the sensitivity coefficients. Such perturbation is repeated
for each component of the heat flux q1� until all sensitivity
matrix components of X1 are obtained.

The above method would be adopted in this study. By
applying this approach, several issues should be resolved.
First, the heat fluxes qi� for i = 2, . . . , N in the consecutive
steps should be assigned. As mentioned in Section 2.2.1,
function specification would stabilize the solution process.
Moreover, it would simplify the calculation of the total
sensitivity matrix X. We hereby use a constant assumption,
i.e. q1þk� ¼ q1� ¼ q� for 1 6 k 6 nFTS. Therefore, all sensi-
tivity matrices Xi for i = 1,2, . . . ,N may be obtained from
the above method by one assignment when the direct calcu-
lation is performed for N steps.

The second issue is the nonlinearity. The whole sensitiv-
ity matrix X is independent of the heat flux q only if the
conductivity k and specific heat cp are not function of tem-
perature or if the average values for these quantities are
used when the dependency on temperature exists. For most
steels, the thermo-physical properties are temperature
dependent. If this kind of dependency is considered, all
properties should be updated at the beginning of each time
step, which is time consuming especially for large size mod-
els. Moreover, such changes in properties would not be
very large and would not significantly change the magni-
tude of X. Also, updating the material properties at the
beginning of each time step would be based on the temper-
atures Tk� obtained from the initially given values of heat
flux q*, which is essentially an approximation. The assump-
tion of using a constant value is, therefore, justified. As a
slight modification to the above assumption, we may opt
for updating the sensitivity matrix X every M steps (in
our numerical experiments, M = 10). Both methods led
to similar results and the use of constant sensitivity matrix
is justified.

Other factors affecting the accuracy of the calculated
heat fluxes are the future information and the addition of
regularization parameters. To improve the accuracy due
to these factors, iterative technique with convergence limits
is adopted in this study.

Now we consider some modifications to Eq. (15). The
term aq* (eventually would be anq in the iterative process)
would lead to an increment D1q and a better estimation
for first value of the first heat flux 1q. The term makes
the calculation more cumbersome with very little benefit
in convergence and, therefore, will be neglected and the
equations may be written as:
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Fig. 2. Flowchart for IHCP solution procedure.
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ðXTXþ aIÞD1q ¼ XTDT� ð18aÞ
1q ¼ q� þ D1q ð18bÞ

ðXTXþ aIÞDnq ¼ XTDn�1T ð18cÞ
nþ1q ¼ nqþ Dnq ð18dÞ

where n is the number of iterations.

2.2.3.2. Sequential technique and function specification.

Starting with either Eq. (15) or Eq. (18), a number of N flux
vectors qi for i = 1, . . . , N corresponding to each time step
considered can be estimated simultaneously. When N is
equal to the whole time step in the measurement, the devel-
oped method may theoretically be used to obtain the time
history of heat fluxes.

The focus of this study is, however, more on the appli-
cation of the method than on the method itself. During
water jet cooling process, the temperature at each measure-
ment point will sharply drop only within few limited time
steps. Such sharp drop means large load or heat flux vector
would occur during such small fraction of the time domain.
Other measuring points will have the same phenomena but
at different time window. This means that there will be
large fluctuation in the load vector and the convergence
of the solution may be significantly affected.

The number of time steps N is normally less than 10. A
‘‘computation window’’ of size N may be used sequentially
for the determination of heat fluxes in the overall span of
considered time for the analysis. To clarify this procedure,
an example is illustrated in the following where we use
N = 3 at the beginning of the analysis. At the first
sequence, the heat fluxes at the first three steps may be
obtained by iteration as:

nþ1 q1

q2

q3

0B@
1CA ¼

n q1

q2

q3

0B@
1CAþ

n Dq1

Dq2

Dq3

0B@
1CA ð19Þ

The subsequent three heat flux vectors q4 to q6 may be esti-
mated if the temperatures T3 are considered as initial tem-
perature. Then the computation window moves three steps
for each subsequent sequence.

The above procedure presents a hybrid approach
between a whole domain one and a true sequential one (will
be addressed later in this work). This hybrid method
implies that the heat fluxes at the previous iteration at each
time step would be used in the next iteration for the corre-
sponding time step, i.e., at the n + 1 iteration nq1 will be
used for the first time step, nq2 for the second one and
nq3 for the third one and there will be no need for function
specification.

In this paper, a completely sequential approach with
function specification is used. First, the newly calculated
nq1 is used for all time steps in the computation window
after the first iteration, i.e., constant function specification
is used for this computation window. Second, the compu-
tation window moves one time step at the next sequence
after obtaining a convergent solution in the current
sequence. Once again using the previous example, the first
computation window consists of time step 1 to time step 3;
and the second one includes time step 2 to time step 4.

2.2.3.3. Convergence norm. In each time step, the iterative
procedure is used until the inversely predicted temperature
Tc converges to the measured temperature Tm. Conver-
gence criteria used to define the acceptance of the predicted
temperature are based on an error norm defined by:

Error-normn ¼ kDTnk ð20Þ
Two convergence criteria for ending the iteration pro-

cess at each time step are used:

Error-normn
6 dT ð21aÞ

or

jError-normnþ1 � Error-normnj
Error-normn

6 e ð21bÞ

The values of dT and e depend on the measurement error
level. The rational behind using absolute criteria is that
while the norm at a given previous iteration is already very
small, the relative norm criterion is still not satisfied at last
iteration.

2.2.4. Flowchart

Fig. 2 shows a simplified flowchart for the IHCP solu-
tion procedure presented. In the above procedure, the ini-
tial guess q* of heat flux q may be taken as zero or any
other value. However, the heat flux q2 obtained at the pre-
vious sequence may be used as the initial guess of heat flux
at the current step to accelerate and enhance convergence.

Numerical parametric test results indicated that such
setup of the initial guess of heat flux is better than a ran-
dom guess, and that in inverse calculation the fluctuation
of inversely calculated heat flux due to random error in
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the measurement data may be damped by increasing the
number of future steps and regularization parameter. It
was also shown that the inversely calculated heat flux will
be fairly close to input values (within ±8%) if the conver-
gence criterion for internal temperature is ±1 �C. This pro-
cedure is capable of providing a time profile of heat fluxes
at multiple locations in a 2D highly transient problem with
sufficient accuracy [26].
Fig. 3. Schematic diagram of experiment setup at UBC: (a) ROT test
facility; (b) arrangements of thermocouples.

Table 1
Chemical composition of steel plates used (wt%)

Steel C Mn P S Si

DQSK 0.06 0.24 0.005 0.011 0.006
SS316 0.03 1.86 0.045 0.030 1.0
3. Experimental setup and experiments

3.1. Test facility

As schematically shown in Fig. 3a, the industry-scaled
facility consists of a top and a bottom water banks, a top
header and a bottom header (not shown), a water pump
and pipe circuits and flow control valves, a furnace and
apparatuses (not shown) for heating water and measuring
water temperatures.

Three nozzles can be setup onto the top header and can
be easily changed as necessary. Nozzle dimensions are com-
patible with those used in steel industry. The distance
between the top nozzles is adjustable from 50 mm to
90 mm. The spike or the vertical distance of the top nozzle
exit to the test plate can be also adjusted from 0.6 m to 2 m.
The top nozzles are used for top surface cooling [21–24]
(discussion in this paper is focused on the top surface cool-
ing). Only one bottom nozzle (not shown) is available and
its alignment or entry angle to the plate may be changed.
This bottom nozzle is used for bottom surface cooling.
Total water flow capacity has a maximum of 138 l/min.
And the water can be heated to 90 �C. It should be noted
that most of the abovementioned parameters are very close
to those used in steel industry.

In all tests carried out and discussed below, only one
nozzle is used. For stationary case, the nozzle is closed
before the test plates are positioned at the designed loca-
tion where the water should hit the centre of the test plates.
Then the cooling water impinges onto the surface to be
cooled. The electrical heating furnace has the capacity to
heat test plates up to 1200 �C. Though, the initial temper-
atures of test plates are kept between 700 �C and 900 �C.

3.2. Test plates

The test plate dimensions are up to 280 · 280 · 10 mm.
Most of test plates have a nominal thickness of 7 mm.
The materials of test plates are carbon steel DQSK and
stainless steel SS316. The typical chemistries of DQSK
and SS316 are listed in Table 1.

The density and specific heat of both steels are assumed
to be constant and are 7800 kg/m3 and 470 J/kg �C, respec-
tively. For the conductivity of DQSK the following equa-
tion is assumed:

k ¼ 60:571� 0:03849� T ð�CÞ in W=m �C ð22Þ
The conductivity of SS316 is also slightly temperature

dependent and the following equation is assumed:

k ¼ 11:141þ 0:014� T ð�CÞ in W=m �C ð23Þ
Al N Cr Ni Mo

0.041 0.0035
19.2 11.3 2.67



Table 2
Experimental conditions

Test Steel Tw, �C Qw, l/min

1–4 DQSK 30 15, 30, 30, 45
4–7 DQSK 40 15, 30, 45
8–10 DQSK 50 15, 30, 45
11–12 DQSK 60 15, 30
13–16 DQSK 70 15, 15, 30, 45
17–19 DQSK 80 15, 30, 45
20–24 SS316 30 15, 15, 30, 30, 45
25–27 SS316 50 15, 30, 45

Table 3
Hydrodynamic parameters at stagnation point

No. Qw,
l/min

Dn, mm Vn, m/s Dj, mm Vj, m/s Ps, Pa Tsat, �C

1 15 19 0.88 7.6 5.49 116,389 103.6
2 30 19 1.76 10.6 5.70 117,556 103.9
3 45 19 2.64 12.6 6.03 119,502 104.4
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Eqs. (22) and (23) are valid for the temperature ranging
from 0 �C to 1200 �C.

3.3. Temperature measurements

With respect to the temperature measurements and the
determination of surface flux or heat transfer coefficient,
one of the common procedures used in literature is to use
thermocouples on the opposite side of the plate or impeded
below the top surface and to obtain the flux distribution on
the surface through inverse analysis. In the experiments
performed here, we use both surface and embedded ther-
mocouples that are separated by a small distance, approx-
imately 1 mm, and have pairs of two point measurements
that may be used for the calculation of the surface flux
distribution.

Thermocouples of Type K are used in all experiments.
Thermocouples of Type K would normally have an error
of approximately 2 �C or 0.75% of the target temperatures
when used at a temperature lower or higher than 277 �C.
Each of the thermocouple wires is around 0.051 mm
(0.00200) in diameter and is insulated and sealed by a metal-
lic protective coat that has an outer diameter of about
1.6 mm (1/1600).

As shown in Fig. 3b, a total of 16 thermocouples are
used in each test and are installed at eight locations in
the circumferential direction starting in the center of the
plate with an increment of 15.9 mm (5/800) in the radial
direction. The thermocouples are numbered from 1 at cen-
ter to 8 at the farthest point from the center. At each loca-
tion, an internal thermocouple is installed in a blind hole
with a diameter of 1.6 mm (1/1600) that is drilled from the
bottom surface of the plate. The measuring junction is fixed
onto the end surface of the hole that is about 1 mm (0.0400)
below the top surface of the plate. A thickness-through
hole of the same diameter is drilled with a centre distance
of 3.2 mm (1/800) from the blind hole. Another thermocou-
ple is inserted in the through hole and its wires are spot
welded on the top surface above the blind hole. It is to
be noted that the thermocouple wires are separately welded
to the designed locations, i.e. the separation junction is
adopted. The distance of wire leads is approximately 1 mm.

3.4. Tests and procedure

The effects of steel grade, water temperature and water
flow rate have been investigated. Twenty-seven tests are
selected from more than 30 tests conducted and renum-
bered and listed with their corresponding parameters in
Table 2. It should be noted that the initial plate tempera-
tures are measured internally at the stagnation points at
the very instant when the plates were pulled out from the
heating furnace. The time of translating and setting up
the plate from the heating furnace to the designed position
of plate is not, normally, constant and this implies that the
starting cooling temperature of plate may be slightly differ-
ent even if the initial temperature is the same.
Test plates were heated to the designed temperatures
and then withdrawn from the heating furnace and trans-
ferred to the test position. The cooling water was turned
on and impinged onto surface. The cooling times to room
temperature varied greatly for different water temperatures.
During the whole cooling process, the water flow rate and
water temperature were maintained constant. The temper-
atures of plates at all measurement points were recorded
with a rate of 100 Hz from the very instant when test plates
were pulled out from the heating furnace.

To analyze the heat transfer behavior we need several
hydrodynamic parameters besides the processing ones: jet
velocity, jet diameter and saturation temperature of water.
These parameters are listed in Table 3 and the following
equations are used to calculate them.

The jet velocity (also called impact velocity) with which
water vertically hits the plate can be calculated by

V j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2

n � 2gH
q

ð24Þ

where Vj is the jet velocity, m/s; Vn is the water velocity at
nozzle exit, m/s; g is gravitational acceleration, m/s2; and H

is the vertical distance from nozzle exit to plate surface, m.
The diameter of water jet Dj is calculated by

Dj ¼ Dn �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
V n=V j

q
ð25Þ

where the Dn is nozzle diameter.
The pressure at the stagnation point is given by

P s ¼ P a þ
1

2
qV 2

j ð26Þ

where Pa is the atmospheric pressure and q is the density of
water.

The saturation temperature Tsat can be obtained from
the saturation table of water according to the pressure.
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3.5. Measured temperature profiles

Typical measured temperature profiles are shown in
Fig. 4. The cooling conditions for these two tests are almost
identical but the steel grade is different. It is to note that the
curves from left to right present the temperatures at ther-
mocouple locations from T1 to T8, corresponding to those
in Fig. 3b. Also the data shown in the figures and used in
the inverse calculations is smoothed and filtered. A simple
but effective 11-point average smoothing technique is used
to filter noise in measured temperatures, that is, the average
value of the temperature at a current time plus five prior
values and five subsequent values was taken as the temper-
ature at the current time step. Careful checks and compar-
isons showed that the random errors were less than ±1 �C
and that all the features of the actual cooling curves were
retained in the smoothed profiles and that the peak temper-
ature gradients are not affected. It can be inferred that the
calculated heat flux is of the accuracy of ±8%.

It may be seen from the two figures that at the air cool-
ing stage the plate temperature is fairly uniform and it
decreases gradually and almost linearly due to radiation
and air convection heat transfer. As soon as the water
Figure 4 Examples of measured cooling curves 
a: test 10; b: test 27 
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Fig. 4. Examples of measured cooling curves: (a) test 10; (b) test 27.
impinges onto the plate, the temperatures at locations 1
and 2 have an immediate and remarkable drop and then
the gradient decreases slightly, followed by a second sharp
drop in temperature. It is to be noted that the cooling
curves of temperatures at these two locations are almost
identical for the whole cooling time for all tests considered.
From a thermo-dynamical viewpoint, location 1 and 2 are
within the boundaries of the impingement zone.

With the spreading of cooling water on the plate surface,
the temperatures at locations 3–8 begin to decrease. How-
ever, the magnitude of the initial drop becomes smaller
with increased distance from stagnation. It is worthy to
point out that the temperature curves at all locations
change their slopes to much smaller values when the tem-
perature reaches about 200–400 �C.

Comparing Figs. 4a and b shows that the water front
moves faster for stainless steel than for the DQSK. It takes
about 27 s for the water to reach the last thermocouple for
the SS316 as opposed to about 34 s for the DQSK. Also the
two figures reveal that the slopes of curves start to level ear-
lier for the SS316 than for the DQSK; the former takes
place at around 400 �C whereas the latter appears at about
250 �C. The rational behind the influence of the steel grades
on the cooling process is quite a complex topic and would
be discussed in another paper.

4. Application of the inverse method and result discussion

4.1. Heat flux profile

Before we focus on the heat transfer at the stagnation
point, we present an overall view of heat fluxes on the
top surface for one of the two tests for the DQSK, as
shown in Fig. 5.

For the test, a full 2D axisymmetric FE model has been
used. The model has 115 mm radius and 7 mm thick-
ness.The model has 2430 quadratic elements with 4-nodes
per element. The elements are uniform in the radial direc-
tion and vary from fine (on top surface) to coarse (on the
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Fig. 5. Calculated heat fluxes for test 10.
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Fig. 6. Effect of water temperature on surface temperature: (a) Qw = 15 l/
min; (b) Qw = 30 l/min.
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bottom surface) in the thickness direction. In the calcula-
tions, constant average conductivity values of 31.5 W/
m �C and phase transformation heat is not considered.
The right hand surface, i.e., the outside of the cylindrical
disc, is assumed thermally insulated and a constant heat
flux equivalent to air cooling is applied to the bottom
surface.

A simple and effective assumption of heat flux distribu-
tion on the top surface at each time step is performed as the
following: the top surface is divided into eight sub-regions;
each sub-region is symmetric with respect to the location of
the corresponding thermocouple. The heat fluxes for all
nodes in each individual sub-region are assumed to have
the same value, i.e., there are only eight heat fluxes corre-
sponding to the eight measurements locations. The actual
values of heat fluxes at the eight points corresponding to
measurements of temperatures are determined using
inverse analysis. Only the data at the current time step is
used and the regularization parameter is fixed at 1e�10.
It is worth noting that with the above parameters, only
several iterations were needed to get convergent results
for each step.

The results in Fig. 5 actually reveal all features of its cor-
responding temperature curves. For the air cooling stage,
the heat fluxes at all locations have relatively close values
of about 14 kW/m2, which is typical due to the combina-
tion of radiation and air convection cooling.

As the water hits the plate, the heat fluxes at locations 1
and 2 instantaneously jump to a very high value. For the
tests using the DQSK there is a slight drop in the heat flux
(after the initial jump corresponding to the initial drop in
temperature) and then a second significant jump occurs.
The flux profiles at these two locations are almost identical
in shape with slight difference in values for all performed
tests and times. The difference in heat fluxes comes from
the slight difference in temperatures, which ascertains the
sensitivity of the inverse problem. It is also noted that the
peak value of heat flux is much higher for the SS316 than
for the DQSK.

The heat fluxes at thermocouple locations 3–8 jump at
different time instants proportional to the distance from
the stagnation point when the cooling water first reaches
the location. The shapes of heat flux profiles are, again,
almost identical. The magnitudes of the highest heat fluxes
at these locations are much lower than those at locations 1
and 2.

4.2. Effect of water temperature

The heat transfer in water jet impingement is a complex
phenomenon that depends on many factors such as water
temperature, water impinging velocity, plate surface tem-
perature as well as the physical properties of both water
and plate. It is generally believed that on the top surface,
various conditions such as film boiling, transition boiling,
nucleate boiling and single convective heat transfer may
simultaneously occur. In the following section, the initial
water temperature is from 30 �C to 80 �C and its effect on
the heat transfer behavior at stagnation point is discussed.

Fig. 6 depicts the calculated surface temperature profiles
at different water temperature levels for the DQSK. It
should be noted that the starting time has been adjusted
by shifting to allow the curves to be clearly separated for
better comparison, and that the time interval for two adja-
cent points on the curves is the same and is equal to 0.1 s. It
is clear that the surface temperature drops in several time
steps to quite low temperature of around 300–200 �C as
the cooling water of less than 50 �C impinges onto the plate
surface and the cooling rate is as high as 2000–2400 �C/s.
After this fast dropping stage the cooling process starts
to level off. For a water temperature of higher than
60 �C, much more time is needed to cool the surface from
around 880 �C to 200 �C, which can be verified by the point
density at the higher temperature part of the curves.

The cooling curve at water temperature of 80 �C is quite
different from the first two. When the cooling water hits the
plate surface there is a fairly long and gentle cooling pro-
cess, which implies that the cooling capacity is low. As
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the surface temperature reaches around 450 �C faster cool-
ing stage appears and the surface temperature drops to
around 200 �C in several time steps.

Fig. 7 shows the effect of water temperature on the cool-
ing behavior for the DQSK. Take the results at water flow
rate of 15 l/min for example. Generally, the heat flux is
higher for lower water temperature than that for higher
ones. The maximum or critical heat flux is around
14 MW/m2 for water temperature of 40 �C and 6 MW/m2

for water temperature of 80 �C. It may be concluded that
increasing the water temperature significantly reduces the
heat extraction from the plate. It should be pointed out
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Fig. 7. Effect of water temperature on heat flux for DQSK: (a) Qw = 15 l/
min; (b) Qw = 30 l/min; (c) Qw = 45 l/min.
that all critical heat flux values are higher than those pre-
dicted by Liu and Zhu [13] using the following equation:

qcritical ¼ 0:36� ðV j=DnÞ1=3 ð27Þ

where qcritical is the critical heat flux at stagnation zone,
MW/m2; Vj is the jet velocity, m/s; and Dn is the nozzle diam-
eter, m. From the test conditions presented in this study, the
critical values based on Eq. (27) are 2.38–2.46 MW/m2.

Water temperature also affects the cooling pattern or
thermodynamics. At lower water temperature (<50 �C),
the heat flux monotonously increases with the decreasing
of surface temperature until a value of about 300 �C and
then again monotonously decreases with the decreasing
of surface temperature. This may indicate that there is no
film boiling regime at the beginning and the heat transfer
is due to transition boiling and then it shifts to nucleate
boiling. The rational behind this phenomenon is the sharp
drop of surface temperature at the beginning and the inca-
pacity to heat the water to the vaporization temperature. It
may be concluded that the surface around the stagnation
point is immediately wetted by water at lower water
temperature.

Contrast to the situation at lower water temperature,
there exists a film boiling regime when the water tempera-
ture is higher than 60 �C. When the cooling water of higher
temperature impinges onto the surface, it is easily heated to
boiling temperature and the heat flux is kept at a lower
value. The duration of film boiling depends mainly on
the water temperature in the test conditions. It is clear by
comparing the boiling curve for 60 �C water temperature
with that for 80 �C that the higher the water temperature,
the longer the film boiling period and the lower the heat
flux for this period.

From the above discussion we may postulate that the
maximum water temperature for immediate wetting is
around 60 �C, which is in good agreement with the theoret-
ical prediction [14] that no film boiling occurs on stagna-
tion point when the water with a temperature of higher
than 60 �C hits the test plate whose temperature is lower
than 900 �C, and with the finding reported in reference
[15] where such a temperature is 68 �C.

It is worthy to point out the difference of the film boiling
mode shown in Fig. 7a from that corresponding to water
pool cooling. For the film boiling in water pool cooling,
the heat flux decreases with the decrease of surface temper-
ature to a minimum heat flux value. This feature was also
reported in reference [16] for water jet cooling. In the case
shown in Fig. 7a, the heat flux during the film boiling per-
iod does not change much and is nearly kept at a constant
value. This trend is more obvious when the water temper-
ature is 80 �C, i.e., the subcooling is around 20 �C.

The temperature at which the heat flux reaches its min-
imum value and the heat transfer shifts from film boiling to
transition one is commonly referred as the Leidenfrost
point. From Fig. 7a the Leidenfrost point is around
510 �C and 430 �C for water temperature of 60 �C and
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80 �C, respectively, which means that the Leidenfrost point
shifts to higher value when the water temperature
decreases.

Also the figure indicates that there is a single forced con-
vection regime when the surface temperature is lower than
about 150 �C where the slope of boiling curve changes from
a mild one to a sharp one.

The results at flow rates of 30 l/min and 45 l/min are
shown in Figs. 7b and c. These figures illustrate similar
trends to that obtained for the lower flow rate of 15 l/min
discussed above.

4.3. Effect of water flow rate

The impingement velocity is only proportional to the
water flow rate when the distance of jet to the plate and
the diameter of jet are fixed, as the conditions in this study.
Thus, the effect of impingement velocity can be represented
by the effect of water flow rate, as shown in Figs. 8 and 9.
The two figures indicate somewhat different phenomenon;
i.e., the water flow rate has little effect on heat transfer
when water temperatures is 30 �C, 40 �C, 70 �C and 80 �C
(Figs. 8a–d) but it has a noticeable effect when the water
temperature is 50 �C (Fig. 9). This is a characteristic to
be carefully checked.

It may be seen from Figs. 8a and b that the heat transfer
regimes are sequentially transition boiling, nucleate boiling
and convective boiling when the surface temperature
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Fig. 8. Effect of water flow rate on heat flux for DQSK: (a) T
decreases from 880 �C to room. There are some differences
among the maximum heat flux values and the temperatures
at which the maximum heat flux occurs when the water
temperature is 30 �C. This difference does not appear when
the water temperature is 40 �C.

It may be, generally, stated that the heat flux should
increase with the increase in jet velocity because higher
velocity increases the pressure as well as the saturation tem-
perature of water at the stagnation and, therefore, the sub-
cooling increases. In the test conditions presented, when
the water flow rate varies from 15 l/min to 45 l/min, i.e.,
an increase of 3-fold, the jet velocity increases only from
5.49 m/s to 6.03 m/s and both pressure and saturation tem-
perature show modest changes. Such small changes should
not cause significant changes in heat flux. This point is also
consistent with Eq. (27).

The above discussion may also be applied to the heat
flux values at higher water temperatures, as shown in Figs.
8c and d. The difference among the boiling curves at lower
and higher water temperature lies in the existence of film
boiling regimes. For the film boiling regime, the heat flux
decreases slightly with the decline of surface temperature.
There is no clear and defined relationship between the
Leidenfrost point and the water flow rate at different water
temperature levels.

Although the boiling curve for water flow rate of 30 l/
min shows the same combination of heat transfer modes
as those for water flow rate of 15 l/min or 45 l/min, its
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Fig. 9. Effect of water flow rate on heat flux at Tw = 50 �C: (a) DQSK; (b)
SS316.
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Fig. 10. Effect of steel grade on heat flux: (a) Tw = 30 �C; (b) Tw = 50 �C.
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magnitude is much less than the values at corresponding
points. Whether this may be attributed to measurement
error or to a complex relationship at the higher tempera-
ture is an issue to be explored in the future work.

Fig. 9 shows the boiling curves at the stagnation for
water temperature of 50 �C and different flow rates for
the DQSK(Fig. 9a) and for the SS316 (Fig. 9b). It is clear
from Fig. 9a that there is no a film boiling regime and that
little effect of water flow rate can be observed at the begin-
ning of the transition boiling region and the later period of
the nucleate boiling. The higher effect of water flow rate
occurs when the surface temperature varies from 600 �C
to 200 �C. It is to be noted that this kind of effect is, gener-
ally, against to the common accepted trend, i.e., the
increase of water flow rate does not increase the heat trans-
fer capacity. This is quite abnormal and further investiga-
tion would be needed to verify the phenomenon.

Fig. 9b is used to clarify the effect of water flow rate on
heat transfer behavior at water temperature of 50 �C for
the SS316. It is clear that the maximum heat flux at water
flow rate of 30 l/min or 45 l/min is higher than that at 15 l/
min and that little effect can be seen for the overall cooling
process for both flow rates of 30 l/min and 45 l/min.

From the above discussions we may conclude that the
water flow rate generally has little effect on heat flux mag-
nitude at all water temperature levels or subcooling levels.
This may be attributed to the consideration that large var-
iation of water flow rate has slight effect on the jet imping-
ing velocity as well as the pressure and the saturation
temperature. Also, it should be reported that some discrep-
ancies are evident and further investigation is needed.

4.4. Effect of steel grade

The effect of steel grade on the heat transfer behavior is
considered by the change in material properties, especially
the heat conductivity in this study. Fig. 10a shows this kind
of effect at water temperature of 30 �C. It can be seen that
for two levels of water flow rates the heat fluxes with SS316
are always smaller than those with DQSK. The DQSK has
generally higher conductivity than the SS316 and the differ-
ence in conductivities increases with the decline of temper-
ature (refer to Eqs. (22) and (23)). When the temperature is
around 500 �C, the conductivity of the DQSK is nearly
twice that of SS316.

It incites the cooling effect of water at the plate surface
and instigates faster decrease of the temperature at the tar-
get location. On the other hand, the heat from the bottom
part is also easily transferred to the target location and this
tends to increase the target temperature. To reduce the
temperature at the target location to a same value, higher
heat flux may be needed for cooling the material with
higher conductivity. This may be the reason why the heat



Table A.1
Definition of the terms in the FE general heat conduction equation

½C� ¼
R

V qc½N �T½N �dV Thermal capacity matrix
½Kc� ¼

R
V ½B�

T½K�½B�dV Thermal conductivity matrix
½Kh� ¼

R
S h½Ns�T½Ns�dS Thermal conductivity matrix due to

convection BC
½Kr� ¼

R
S j½Ns�T½Ns�dS Thermal conductivity matrix due to

radiation BC
fQgb ¼

R
V qB½N �T dV Heat flux vector due to internal heat

generation
fQgs ¼

R
S qs½Ns�T dS Heat flux vector due to input surface flux

fQgh ¼
R

S hT f ½Ns�T dS Heat flux vector due to convection BC
fQgr ¼

R
S jT r½N s�T dS Heat flux vector due to radiation BC

{T}, f _Tg Vector of global nodal temperatures and
temperature gradients, respectively

j ¼ erðT 2
r þ T 2

srÞðT r þ T srÞ Equivalent heat transfer coefficient due to
radiation

oT
ox

	 

¼ o

ox
ðNiT iÞ ¼ ½B�fTge Partial derivative of temperature

½K� ¼
kx 0 0

ky 0
sym kz

24 35 Element conductivity matrix

½N � ¼ N1 N2 � � � Nn½ � Approximation or shape function, n is the
number of nodes per element
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fluxes for the SS316 are always smaller than those for the
DQSK for water temperature of 30 �C.

The effect of steel grade on heat flux at water tempera-
ture of 50 �C is shown in Fig. 10b. Contrast to the correla-
tion at 30 �C, the heat fluxes for the SS316 are mostly
higher than those for the DQSK for the same levels of
water flow rates. As discussed above, the cooling capacity
is mainly dependent on the water temperature and not
the water flow rates. With the increase of water tempera-
ture, the cooling efficiency decreases. That means that the
interior temperature decreases at a much lower rate with
higher water temperature than with lower water tempera-
ture. Also, this indicates that the cooling is more confined
at the top surface and it is easier to cool down the surface
with higher conductivity than with lower conductivity, i.e.,
less heat flux is needed to reduce the surface temperature to
a given value for the material with higher conductivity than
for that with lower conductivity.

5. Summary

The heat transfer at the stagnation point or in impinge-
ment zone in circular water jet cooling is successfully deter-
mined by the inverse heat conduction procedure using
iterative and sequential regularization method. The heat
fluxes and surface temperature at the stagnation points of
stationary plates cooled by an industry scale test facility
are estimated by the IHCP method from the interior tem-
peratures measured at around 1 mm below the plate sur-
face. Analysis of data shows that the heat transfer
behavior at the stagnation is mainly and greatly affected
by water temperature, slightly affected by the steel grade
and hardly affected by water flow rate. When the water
temperature is lower than 60 �C the cooling process is gov-
erned by transition boiling, nucleate boiling and convective
boiling. When the water temperature is higher than 60 �C,
there is evidence of existence of a film boiling regime. The
features of boiling curves and the typical values obtained
are in good agreement with other resources. The results
would contribute to better understanding of the controlled
water cooling process in steel industry.

The presented method and procedure may be applied to
solve nonlinear and highly transient inverse heat conduc-
tion problem with an acceptable level of accuracy.
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Appendix A. Finite element matrix equations

The governing equation for conduction heat transfer in
three-dimensional solid is given by:
qc
oT
ot
¼ o

ox
kx

oT
ox

� �
þ o

oy
ky

oT
oy

� �
þ o

oz
kz

oT
oz

� �� �
þ qB

ðA:1Þ
where kx, ky, kz are the thermal conductivities in x, y and z
directions, respectively, T is the temperature, qB is the inter-
nal rate of heat generated per unit volume, t is the time, q is
the density and c is the specific heat.

The above equation may be subject to the general form
of the boundary conditions of:

kn
oT
on
¼ qs þ hðT f � T sÞ þ erðT 4

sr � T 4
s Þ ðA:2Þ

where n is the normal to the boundary and the input heat
flux is considered only on pertinent surfaces, i.e. surfaces
that have specified boundary conditions and are given
by: concentrated or distributed flux (qs), convection BC;
(h(Tf � Ts), h is the convection heat transfer coefficient,
Tf is the fluid temperature and Ts is the surface tempera-
ture) and radiation BC; ðerðT 4

r � T 4
srÞ, e is the emissivity

of the surface, r is the Stefan–Boltzmann constant, Tsr is
the absolute temperature of surface and Tr is the known
temperature of the external radiative source).

The sources of nonlinearity in Eq. (A.1) may be due to
temperature dependent material properties or dependency
of the boundary conditions on temperature.

Eq. (A.1) may be re-written in the form:

qc
oT
ot
þr � q� qB ¼ 0 ðA:3Þ

where $ and q are defined as follows:

r ¼ o

ox
iþ o

oy
jþ o

oz
k; q ¼ ½ qx qy qz �T

qx ¼ �kx
oT
ox

; qy ¼ �ky
oT
oy

; qz ¼ �kz
oT
oz



Table A.2
Definition of the terms in heat transfer equation

Term Name Expression

tþDt bQhði�1Þ
Nodal heat flux contribution due to convection BC,
nonlinear and transient effects

tþDt bQhði�1Þ ¼
R

Sh

tþDthði�1ÞNST

NSðtþDtTf � tþDtTði�1ÞÞdS

Note:
R

Sh

tþDthði�1ÞNST

NS dS ¼ tþDtKhði�1Þ

tþDt bQrði�1Þ
Nodal heat flux contribution due to radiation BC,
nonlinear and transient effects

tþDt bQhði�1Þ ¼
R

Sh

tþDtjði�1ÞNST

NSðtþDtTr � tþDtTði�1ÞÞdS

Note:
R

Sh

tþDtjði�1ÞNST

NS dS ¼ tþDtKrði�1Þ

tþDt bQcði�1Þ
Nodal heat flux contribution due to conductivity,
nonlinear and transient effects

tþDt bQcði�1Þ ¼
R

V BT tþDtKði�1ÞBtþDtTði�1Þ dV

Note:
R

V BT tþDtKði�1ÞBdV ¼ tþDtKCði�1Þ

tþDtq̂cði�1Þ
Nodal heat flux contribution due to thermal capacity,
nonlinear and transient effects

tþDtq̂cði�1Þ ¼
R

V
tþDtðqcÞði�1ÞNTN � ½ðtþDtTði�1Þ � tTÞ=Dt�dV

	 tþDtCði�1Þ½tþDtTði�1Þ � tT�=Dt
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Now, we assume an approximation function for the tem-
perature given by:

T ðxÞ ¼ N iðxÞT i ðA:4Þ

where Ni(x) is the approximation function with i varying
from one to the number of nodes per element, the vector
x has the components x, y and z and Ti are the nodal tem-
perature. Note that we consider only a typical element and
assume that the normal finite element assembly procedures
apply.

Applying Galerkin approach and utilizing Gauss theo-
rem, the equivalent finite element equations representing
Eqs. (A.1) and (A.2) may be written in the following final
form:

½C� � f _T eg þ ½½Kc� þ ½Kh� þ ½Kr�� � fT eg
¼ fQgb þ fQgs þ fQgh þ fQgr ðA:5Þ

where the definitions of terms in Eq. (A.5) are summarized
in Table A.1.

Considering the general nonlinear and transient case of
Eq. (A.5), the solution may be realized by re-writing the
equation at time (t + Dt) and iteration (i) in the following
form:

tþDtCðiÞtþDt _TðiÞ þ tþDtðKc þ Kh þ KrÞðiÞtþDtTðiÞ

¼ ðtþDtQb þ tþDtQs þ tþDtQh þ tþDtQrÞðiÞ ðA:6Þ

It may be shown that using Newton–Raphson approxi-
mation and the a-method, the solution to the above equa-
tion yields:

tþaDt ðKcþKhþKrÞþ 1

aDt

� �
�C

� �ði�1Þ

DTðiÞ

¼ tþaDtðQbþQsÞþ tþaDtð bQhþ bQrÞði�1Þ � tþaDtð bQcþ q̂cÞði�1Þ

ðA:7Þ

where the definition of the new terms introduced here are
given in Table A.2.
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