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Abstract 
The worldwide competitive market on metal products with higher quality in 
industry has increased the need to implement more advanced and controllable 
quenching techniques in the hardening stage of the heat treatment process. 
Moreover, sustainability and energy efficiency are key factors to consider in 
the development of advanced quenching techniques. Among various cooling 
methods that are used in industry, a water impinging jet quenching system is 
one of the few that offers wide flexibility to adjust cooling rate based on the 
chemical composition and proper phase transformation in the continuous   
cooling transformation diagram (CCT) to achieve desired material properties. 
On an industrial scale, a large number of water impinging jets are placed in the 
cooling configuration introducing multiple array of jets in the quenching      
system. In the literature study by the author, there has been interest to study 
the quenching heat transfer by single water jet in various applications. Even 
so, little scientific attention has been paid to the multiple array of water           
impinging jets and the importance of various quenching parameters on the 
quenching heat transfer with multiple array of jets. 

This thesis deals with a study of quenching rotary hot hollow cylinder with 
multiple configurations of water impinging jets. The aim of this investigation 
is to obtain better understanding of boiling heat transfer phenomena in             
application of multiple array of water impinging jets and quenching                   
parameters. An experimental test rig was designed to control most influential 
parameters in quenching experiments. The results of experimental study      
contained recorded temperature data beneath the quenching surface of a hollow 
cylinder. A heat conduction inverse solution based on the GMRES method was 
developed for application of quenching hollow cylinder. This model used the 
recorded temperature data of quenching experiments to predict surface         
temperature and heat flux. A thorough parametric study investigated the effect 
of various quenching parameters and multiple configuration of jets in terms of 
local and area-averaged heat transfer over surface as well as in the solid         
material. 

The local surface boiling curve captured clear effect of multiple array and 
cyclic variation of heat transfer caused by rotation of hollow cylinder. The    
delay in onset of wetting front flow growth over the surface, collision of          
adjacent wetting front flows and creation of upwash flow were captured on the 
surface heat flux contour plot. Higher heat flux was obtained around stagnation 
and upwash flow zones over the quenching surface. The relation between jet 
flow rate and multiple array configuration revealed a trade-off between these 
two parameters in terms of optimizing the water resource usage and desired 
cooling rate with this cooling technique. 

 Comprehensive parametric study revealed effect of various quenching    
parameters in the local heat transfer in the boiling regimes. The results show 
improvement of heat flux in the film and nucleate boiling is more difficult than 
transition boiling regime. In the study of area-averaged heat transfer in 1-row 
array, higher subcooling and jet flow rate enhance the surface heat flux. In 
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contrast, smaller rotation speed, jet-to-jet spacing and initial wall-superheat 
temperature increase the area-averaged surface heat flux of hollow cylinder. 
An extra row of nozzles in the array (2-row) also enhanced the area-averaged 
surface heat flux significantly. The results from comprehensive parametric 
study of 4-row in-line and staggered configurations have been used to propose 
correlation for surface area-averaged Nusselt number. In the local heat transfer, 
two correlations of average and maximum local heat flux at stagnation point 
of water impinging jet were proposed. 

The result of this study and the proposed correlations may provide a road 
map for engineers to design hollow cylinder quenching system with multiple 
array of water impinging jets based on cooling rate for proper phase              
transformation and optimized water resource and energy usage in the      
quenching process. 
 
Keywords: Multiple jet arrays, Impinging jets, Transient boiling, Rotating   
surface, Unsteady inverse heat conduction, Quenching, Experimental study 
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Sammanfattning 
Den världsomspännande konkurrenskraftiga marknaden för metallprodukter 
med högre kvalitet i branschen har ökat behovet av att implementera mer avan-
cerade och kontrollerbara kylningstekniker i härdningsfasen av värmebehand-
lingsprocessen. Dessutom är hållbarhet och energieffektivitet nyckelfaktorer 
att beakta vid utvecklingen av avancerade kylningstekniker. Bland de olika 
kylmetoderna som används i industrin är kylningssystem med impinging jets-
trålar ett av få som erbjuder bred flexibilitet för att justera kylhastigheten ba-
serat på den kemiska sammansättningen och korrekt fasomvandling i CCT di-
agrammet (continues cooling transformation) för att uppnå önskade material-
egenskaper. I industriell skala placeras ett stort antal impinging jetstrålar för 
vatten i kylkonfigurationen, vilket introducerar matriser av jetstrålar i kyl-
ningssystemet. I författarens litteraturstudier har det funnits intresse för att stu-
dera värmeöverföringen med en impinging jetstråle i olika applikationer. Trots 
det har föga vetenskaplig uppmärksamhet ägnats åt matriser av impinging jet-
strålar och vikten av olika kylningsparametrar för denna kylteknik. 

Denna avhandling behandlar studier av härdning av en roterande varm    
ihålig cylinder med flera konfigurationer av impinging jetstrålar. Syftet med 
undersökningen är att få bättre förståelse för värmeöverföringsfenomen pga. 
kokning vid användning av matriser av vattenstrålar med impinging                  
jettekniken och olika härdningsparametrar. En experimentell testrigg                
utformades för att undersöka de mest påverkande parametrarna i                     
härdnings-experimentet. Resultaten av de experimentella studierna innehöll 
mättade temperaturdata under den ihåliga cylindersytan. En inversvärmeled-
ningslösning baserad på GMRES-metoden utvecklades för applicering vid   
kylning av en ihålig cylinder. Denna modell använde mättade temperaturdata 
från härdningsexperimentet för att förutsäga yttemperatur och värmeflöde. Vid 
en grundlig parametrisk studie undersöktes effekten av olika härdningspara-
metrar och matriser av jetstrålar avseende lokal och areagenomsnittlig värmeö-
verföring på ytan och i det kompakta materialet. Ytans lokala kokningskurva 
visade tydlig effekt av de impinging jetstrålarna och variation av                        
värmeöverföringen orsakad av rotationen av den ihåliga cylindern.                  
Fördröjningen av starten av vätningen av främre flödetillväxten över ytan,   
kollisionen mellan intilliggande vätfrontströmmar och skapande av uppåtriktat 
flöde noterades på ytans värmeflöde. Högre värmeflöde erhölls runt stagnat-
ions- och uppströmszonen över den härdande ytan. Förhållandet mellan          
jetstrålarna vattenflöde och konfigurationen med matriser av jetstrålar              
avslöjade en avvägning mellan dessa två parametrar för att optimera vattenre-
sursanvändningen och önskad kylningshastighet med denna kylteknik.  

En omfattande parametrisk studie visade effekten av olika kylningspara-
metrar i den lokala värmeöverföringen i kokningsprocessen. Resultaten visade 
förbättring av värmeflödet i film kokningen och att nucleate kokningen är     
svårare än transient kokningsformen. I studien av areagenomsnittlig                
värmeöverföring i 1-rad förbättras värmeflödet med högre vattnets temperatur 
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och flöde. Däremot ökar det beräknade värmeflödet med lägre rotationshastig-
het, avståndet mellan strålarna och cylinders initialtemperatur. En extra rad av 
munstycken i strålmatrisen (2-radig) förbättrade också värmesflödet avsevärt. 
Resultaten från en omfattande parametrisk studie av fyra rader munstycken i 
inline och staggered konfigurationer har använts för att föreslå korrelation med 
ytans medel Nusselt-tal. I den lokala värmeöverföringen föreslogs två korre-
lationer av genomsnittligt och maximalt lokalt värmeflöde vid stagnations-
punkten för en impinging jet. 

Resultatet av denna studie och de föreslagna korrelationerna kan vara en 
vägledning för ingenjörer för att utforma ihåligt cylindriska släckningssystem 
med matriser av impinging jetstrålar, baserat på kylhastighet för korrekt   
fasomvandling och optimerad vattenresurs och energianvändning i kylnings-
processen. 
 
Nyckelord: Matriser av jetstrålar, Direktverkande jetstrålar, Transient kokning, 
Roterande yta, Icke-stationär invers värmeledning, Släckning, Experimentell 
studie 
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Nomenclature

A area (m2)

cp specific heat capacity (J/kg.K)

D hollow cylinder’s diameter (mm)

d nozzle diameter (mm)

g gravitational acceleration (m/S2)

H jet-to-surface spacing (mm)

h heat transfer coefficient (W/m2.K)

h f g latent heat of vaporization (J/kg)

k thermal conductivity (W/m.K)

L length of hollow cylinder (mm)

N number of rows of nozzles in array (-)

n number of jets in array (-)

q′′ surface heat flux (MW/m2)

Q single jet’s flow rate (m3/h)

R hollow cylinder’s radious (mm)

r radial axis (mm)

S jet-to-jet spacing (mm)

T temperature (◦C)

t time (s)

U mean jet velocity at nozzle exit (m/s)

x longitudinal axis (mm)

Greek letters

α angle between rows of jets (◦)

δ measurement noise (%)

θ angular position of row A (◦)

xi



μ viscosity (N.s/m2)

ρ density (kg/m3)

σ surface tension (N/m)

ω rotation speed (rpm)

Non-Dimensional Numbers

Ja Jakob number

Nu Nusselt number

Pe Peclet number

Re Reynolds number

Subscripts

avg average local value

c critical value for subcooled boiling

co critical value for saturated boiling

f corresponding to quenching area of central jets in array

i interior value

initial initial value

j water impinging jet

l liquid

l f Leidenfrost point

MHF maximum heat flux

o exterior value

s surface

stg stagnation point of impinging jet

sub subcooling temperature

total total value

upw upwash flow point

v vapor

w water
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1 Introduction

In recent years, there has been a remarkable fluctuation in the price of
metal products globally and increased industrial demand for more
advanced heat treatment techniques as a way to stay competitive on
material quality in the market. The wide range of customers for advanced
metals extends across many industries such as the automotive, power, oil
and gas and food industries. At the same time, there are worldwide
concerns about overuse of resources and climate change. Thus it is vital
for these industries to develop efficient and environmentally smart
products that contribute to lower material utilization, longer service life,
improved energy efficiency and less environmental impact. As a result,
metal industries are facing many challenges to fulfill the customers’
requirements and need to focus their efforts and improve performance in a
number of strategic areas such as product excellence and process
efficiency, to mention only a few.

The design of advanced metal products has mainly been driven by
novel chemical compositions. These activities often have limited focus on
the further development of the cooling process of metals. However, by
incorporating a heat treatment process with higher performance, better
thermal management and flexibility into the development of advanced
metals, sustainable and efficient metal quality is achievable. This results in
an increasing need of a better understanding and control of the heat
treatment in many industrial applications. Among different stages of metal
heat treatment in the industry, improved cooling techniques associated
with metal quenching in the hardening stage help make production more
effective, result in higher material quality and reduce the use of expensive
alloy materials and thus cost. The implementation of newly developed
cooling technologies in the production of new sustainable advanced metals
offers the opportunity to create materials with unique properties.

Several methods can be applied in term of quenching technique and
quenching medium in the hardening process, depending on factors such as
proper cooling intensity required for material properties and the
application, practical limitations (size, shape and chemical composition of
part) and required level of control on the quenching process. The
continuous cooling transformation (CCT) diagram is a helpful tool to find
a proper processing route through various phase changes of material
during the quenching process which results in selecting a proper cooling
rate intensity in the diagram to set the final desired material properties
after quenching. Variety of quench medium (e.g. water, oil, brine and
polymer solution) are used in the quenching pool technique where high,
intermediate or low cooling rate is desired for applications such as bar,
large shafts, slab, etc. (Figure 1a). However, adaptability and control level
of cooling rate is limited in this quenching technique. In order to avoid
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cracking in highly alloyed steel, air cooling bed (Figure 1b) with low
cooling rate is applied. Water is a common quench medium to be used in
modern quenching techniques with impinging and spray jets which
provide ultra-high cooling rates due to integrated hydrodynamics of fluid
flow and boiling phenomena over the quenching surface.

(a) (b)

(c)

Figure 1: Various industrial quenching techniques: (a) quenching tank technique (pool boiling);

(b) thermal image of steel tube with air cooling bed; (c) modern industrial steel tube quenching.

Water impinging jet and spray jet techniques offer different cooling
properties and thermal management possibilities which are useful to adjust
the cooling rate in the quenching process according to the CCT diagram
and desired material phase transformation during the heat treatment
process. Figure 2 presents CCT diagram for Boron steel (USIBOR®

1500P) where dash graph shows the critical boundary of cooling rate to
avoid bainite phase transformation. The critical reported cooling rate in
this diagram [1] is about 25◦C/s for a desired fully martensitic
transformation. Figure 2 clearly highlights the importance of quenching
technique flexibility as a very important factor to adjust the cooling rate
according to the CCT diagram and desired material phase transformation
of Boron steel.
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Figure 2: CCT diagram of USIBOR® 1500P steel with various material phases and examined

cooling rates [1].

In cooling by water spray jet, uniform cooling rate by water drops can
be obtained over the quenching area covered by the spray jet. The usage of
different size and type of spray nozzle gives the flexibility to adjust local
cooling rate on different areas of the product. However, water impinging
jet technique is a suitable tool for applications where a local area is
targeted by impinged water jet. This technique provides the possibility to
obtain various local cooling rates in different areas, which is suitable for
industries such as additive manufacturing in production of complex
structures. In metal industry with large-scale products, multiple array of
impinging jets is an additional flexibility of the technique to be
implemented on large surfaces to extend the cooling area into a larger
scale and improve the cooling rate uniformity over the large quenching
surfaces.

1.1 Motivation for this study
In application of water impinging jet quenching technique in industrial
processes, it is obvious that large-scale quenching areas need to be covered
with numerous impinging jets, which results in implementation of
multiple impinging jets. In the literature study by the author, there has
been extensive fundamental study of quenching flat surface with single
water impinging jet. There are some contributions to investigate the effect
of multiple impinging jet configurations on quenching of static or moving
flat surfaces. However, in combination with the object’s convex surface
and its rotation which simulates quenching round steel products such as
round bar, tube and roller in the run-out table, only a few researchers
studied quenching of rotary hollow cylinder by single water impinging jet
[2, 3, 4] and planar jet [5, 6, 7].
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This cooling technique is applicable for a wide range of applications,
e.g., ultra-fast surface cooling to increase the hardness of material on the
surface and beneath it or uniform and low cooling in solids between
exterior and interior surfaces. Moreover, in application of multiple water
impinging jets on quenching of rotary cylinder, the flow configuration of
multiple interacting jets and effect of quenching parameters raises the
complexity of boiling heat transfer phenomena in the presence of curved
moving surface. Therefore a comprehensive detailed study needs to be
carried out to understand the effect of quenching parameters including the
configuration of multiple array on the boiling heat transfer characteristics
and impingement cooling efficiency of multiple array, both on surface and
in the solid material. This study provides vital information for
development of the cooling technique with higher energy efficiency and
better sustainability with optimized resource usage such as water
consumption in the quenching technique. Moreover, this detailed study
may create a road map based on effect of quenching parameters and show
how cooling rate of quenching can be adjusted based on the desired route
in the CCT diagram of material to achieve proper material properties.

In a detailed perspective, the hydrodynamics of flow and boiling
phenomena over the rotary hollow cylinder are substantially different from
flat surface quenching which needs to be thoroughly explored. This is due
to the curvature of surface, surface movement and force of gravity which
influence flow features such as jet deflection in the stagnation region and
shape of wetting front region which eventually affects boiling heat transfer
characteristics. The collision of wetting front flows creates upwash flow
zone which may enhance local heat transfer, and its dependency on
jet-to-jet spacing needs to be studied. The cyclic passage through wetted
and unwetted zones of quenching in each revolution of hollow cylinder is
projected in the local and area-averaged boiling heat transfer which is
necessary to investigate. Due to difficulty of surface temperature and heat
flux measurement in the presence of the boiling phenomena, an inverse
solution technique should be developed to use the temperature
measurement recorded beneath the surface to predict the surface boiling
heat transfer to be used in the parametric study of quenching parameters.
Therefore a combined experimental, numerical and parametric study is
needed in regard to quenching of rotary hollow cylinder that creates a wide
range of flexibility to study and analyze the parameters to obtain better
understanding of the quenching process in this application.

1.2 Aim and research questions
A deep understanding of spatio-temporal boiling heat transfer of transient
quenching rotary hollow cylinder by multiple array of water impinging
jets will be achieved by revealing the physics of flow and heat transfer
behavior, where the contact between liquid and solid phases occurs in
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complex phenomena of boiling and heat is extracted from solid. Therefore
the main objective of the present study is to investigate the physics of flow
and boiling heat transfer phenomena by use of experimental study. In this
manner the first objective is to carry out an extensive study of various
parameters of the quenching technique with multiple array of 1-row, 2-row
and 4-row water impinging jets to understand the hydrodynamics of
boiling and the effect of each individual parameter on the boiling heat
transfer. The second aim of the study, but still important and strongly
connected to the first aim, is to develop and validate an inverse solution for
this study to solve the heat conduction inverse problem with high accuracy
to obtain not only the surface temperature and heat flux, but also
spatio-temporal characteristics of heat transfer in the quenched solid
material. And finally, in order to provide a road map for design engineers
to apply the quenching technique on rotary hollow cylinder in industrial
applications, results of a comprehensive parametric study of the most
effective quenching parameters will be explored on local and
area-averaged boiling heat transfer and correlation equation for
area-averaged Nusselt number and local boiling heat transfer will be
developed for two configurations of 4-row in-line and staggered arrays.

The above-mentioned research aims will be addressed by investigating
the following research questions, around which the first part of the thesis is
formed.

RQ1: What effects does a multiple array of water impinging jets in
quenching experiment of rotary hollow cylinder on surface boiling curve
characteristics?

RQ2: To what extent does the local and area-averaged boiling heat
transfer over rotary hollow cylinder depend on the multiple array’s
preselected inherent parameters?

RQ3: How can a thoroughly parametric study of transient quenching
rotary hollow cylinder introduce the most effective quenching parameters
and propose correlations for the Nusselt number and local boiling heat
transfer?

1.3 Methods and research process
In this study, the scientific research process is a combination of
experimental, numerical and parametric study. The author designed an
experimental test rig to carry out quenching experiments of rotary hollow
cylinder with different configurations of multiple water impinging jets.
The test rig has been designed and constructed in such a way to capture
various aspects of transient quenching process of rotary hollow cylinder
with various multiple arrays of nozzles. Temperature measurement by
thermocouple was performed in quenching experiments. The unique
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flexibility of the experimental test rig offered a possibility to study a range
of quenching parameters in the parametric study.

Surface temperature and heat flux are key pieces of information to gain
insight into the complex boiling heat transfer characteristics in quenching
of the hot rotary cylinder with multiple impinging jets. One way to
circumvent some of the surface measurement problems is to carry out
temperature measurement beneath the quenching surface and apply
inverse solution technique to determine the surface temperature and heat
flux based on the experimental result. Therefore the GMRES inverse
method was chosen and developed for the application of quenching rotary
cylinder. The GMRES inverse solution was implemented in Matlab with a
coupled communication with Comsol Multiphysics software to simulate
transient heat transfer in the computational domain in different stages of
the inverse solution. The collected temperature measurement data from
experiments have been used as input data for the inverse solution to
predict the surface temperature and heat flux.

In addition, a thorough parametric study was performed to understand
the effect of various parameters, which are described in Chapter 4. The
predicted surface temperature and heat flux was used in post-processing
direct numerical study by Comsol Multiphysics to predict spatio-temporal
temperature and heat flux data of solid during the transient quenching. The
produced data in post-processing of the parametric study provides
information on how the investigated parameters influence important
aspects related to local and area-averaged boiling heat transfer. The most
influential parameters were picked up to carry out a comprehensive
parametric study to propose local and area-averaged heat flux correlations
for 4-row in-line and staggered arrays.

1.4 Limitations
In the experimental investigation, test specimens were hollow cylinders
with Do = 96, 152 and 192 mm and Do/Di = 1.56, 1.59 and 1.54
respectively. Water was used as cooling medium and nozzle diameter was
constant (d j = 8mm). The lengths of temperature measurement lines were
36 and 64 mm (corresponding to 4.5d and 8d respectively). The maximum
reported initial surface temperature was 600◦C, However, higher starting
temperatures have been investigated but are not reported in this thesis due
to confidentiality agreement.

Among different temperature measurement techniques for high
temperature levels, thermocouple is the best choice where water boiling is
found over the surface of the object. The maximum number of
thermocouple in the experiment was limited to 34 sensors due to the
number of channels in the slip ring. Larger sensor diameter will increase
the response time of temperature measurement and there is a trade-off
between sensor life time in the long term, proper thermocouple installation
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and response time of sensor. In this study, special grounded thermocouples
(dwire = 0.75mm) with super isolated shield were used. N-type
thermocouple was chosen in this research study which is well-known for
long-term stability and is not disturbed by magnetic flux of induction
heater during heating process.

In the numerical study, a 2-D plane was considered as geometry of
numerical study across the hollow cylinder’s longitudinal direction. The
plane includes two required measurement lines for the 2-D inverse
solution, each line containing a maximum 17 measurement points beneath
the quenching surface. Among several methods to solve the inverse
solution, the Generalized minimal residual method (GMRES) was chosen
as it has been shown in the literature to produce good results when applied
to ill-posed problems [8]. Side boundary conditions of computational
domain were defined as thermal insulated condition which is equivalent to
symmetry boundary condition in terms of heat transfer. This led to
over-prediction of heat flux near the side boundaries (1 − 5 cells) after
some time steps in the transient numerical study that these cells are filtered
in the analysis of results in this study. Physical properties of solid material
were assumed constant based on calculated average values between 100
and 600◦C, caused by linearity of the developed inverse solution in this
study.

1.5 Appended papers
A total of five papers are included in the thesis, listed in this Section. Paper I
has been peer-reviewed and presented orally at an international conference.
Papers II and III have been peer-reviewed and published in international
journals. Paper IV has been peer-reviewed and presented virtually at an
international conference. Paper V has been submitted to an international
journal.

It is of interest to mention that Paper I reports experimental study of
quenching rotary hollow cylinder with 1-row array water impinging jets
with focus on cooling rate and temperature variation beneath the
quenching surface. Paper II reports development of the inverse solution
and validates the solution for the studied application to predict the surface
heat transfer during the quenching process. Paper III reports
comprehensive parametric study of quenching parameters with focus on
local boiling regimes heat transfer and maximum heat flux (MHF)
characteristics as well as effectiveness of area-averaged heat transfer by
quenching parameters in 1-row and 2-row multiple array of jets. In Paper
IV the investigation of multiple 1-row array continues with a study of the
most effective quenching parameters as well as curvature ratio on local
and area-averaged heat transfer and MHF characteristics on larger hollow
cylinder. Paper V focuses on effective quenching parameters of Paper IV
in 4-row in-line and staggered multiple arrays. The thorough parametric
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study proposes local and area-averaged heat transfer correlations for
quenching rotary hollow cylinder with 4-row in-line and staggered arrays
of water impinging jets. The corresponding papers to each research
question are presented in Table 1.

Table 1: Contribution of the appended papers to each research question.

Research Paper

question I II III IV V

RQ1 × × × ×
RQ2 × × × ×
RQ3 × × × × ×

1.6 Co-author statement
The experimental studies were planned by the author and Prof. Bahram
Moshfegh. The author exclusively carried out all the experiments. The
final results of experiments were analyzed and investigated by the author.
Therefore, Paper I, III, IV and V were written entirely by the author and
valuable comments and advice were received from Prof. Bahram
Moshfegh.

In Paper II, the inverse solution programming and applying the
regularization method was done under the supervision of Dr. Fredrick
Berntsson. The numerical study was written by the author in close
collaboration with Dr. Fredrik Berntsson, who participated in the writing
of sections 2.1 and 2.2. However, valuable comments and advice have
been received from Dr. Joakim Wren and Prof. Bahram Moshfegh from
the planning stage, interpreting the results and finally improvements on the
content of Paper II.
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2 Literature review

2.1 Single water impinging jet
In the application of single water impinging jet, Wolf et al. [9] reviewed
previous studies in the field and described various types of impingement
configurations (Figure 3): free-surface, plunging, submerged, confined and
wall jet impingement. Among the configurations, free-surface water
impinging jet has been of particular interest in many industries as cooling
conditions are compatible with this configuration.

Figure 3: Different type of water impinging jet configuration over impingement surface[9].

One of the main applications of water impinging jet is ultra-fast
quenching system of hardening process in the steel industry. The very high
temperature level of solid surface leads to boiling over the cooling surface
when water impingement begins. In the first moment of contact between
water impinging jet and the hot surface (temperature above Leidenfrost
point ) in the stagnation region, vapor is produced by evaporation of water
and a stable vapor film is created which isolates water to contact solid
surface directly. After a short delay time, which is called residence time
[10], temperature difference between the liquid and solid surface is
reduced in the stagnation region and water impinging jet begins to
penetrate into the vapor film and sweeps over the surface to create the
wetting front flow (WF). Growth of WF flow depends mainly on energy
balance between liquid and solid. The solid surface supplies heat to the
liquid and if the liquid’s heat extraction potential is less than amount of
supplied heat from solid surface, the solid surface does not allow the liquid
to start rolling over the surface [2]. Therefore liquid needs to create the
condition at first to the WF growth. Generally beginning of WF movement
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is accompanied by visible and loud audible changes as water drops splash
to the surroundings [11]. Solid thickness is one effective parameter on the
balance of energy between the liquid and solid as WF velocity is
decreased by increasing the thickness [12]. Solid material is another
influencing parameter on the energy balance as higher thermal
conductivity of solid increases the heat transfer rate [11].

In regard to quenching flat surface by single water impinging jet,
Karwa et al. [13] studied hydrodynamics of quenching by singe water
impinging jet and reported three boiling regions of quenching flat surface
with initial temperature 900◦C: circular wetted region surrounding
impingement stagnation point; annular wetting front zone where deflection
of water film from surface begins and the film breaks into droplets due to
surface tension and shear forces and splashes to surroundings; and
unwetted region (dry zone) in the outer layer. In the wetted region, there
are nucleate and transition boiling regimes, while in the wetting front zone
only transition boiling is seen. The boiling of splashed drops in the
unwetted zone is also within the film boiling regime. As quenching
continues, surface temperature under annular wetting front decreases,
resulting in growth of WF into the unwetted zone gradually until the
whole quenching surface is covered by wetted zone.

In the heat treatment by water liquid jet, various parameters play a role
with an effect on boiling phenomena in contact between liquid and hot
solid surfaces. In a study of the size of boiling regime, Woodfield et al.
[14] reported width of boiling in annular wetting front is decreased by
higher water subcooling temperature and jet velocity as well as lower
thermal conductivity of quenched material. In a recent visualization study
of quenching highly superheated plate by single water impinging jet, Lee
et al. [15] presented boiling hydrodynamics over the surface in various
time sequences. They synced the visualization study with heat transfer
analysis from a set of temperature measurements and reported that volume
of deflected water drops from annular transition region increases linearly
with time to maximum 10% of the jet’s flow rate. They observed ejected
water drops land on the unwetted zone and cool down this region slightly
before annular transition region reaches the unwetted zone.

Wang et al. [16] carried out quenching experiments on both top and
bottom side of plate with water impinging jet (d = 4 mm) and studied effect
of jet flow rate, Q j, (1.5 to 6 L/min) and jet-to-surface spacing, H/d, (0
to 400 mm) for both quenching conditions. They observed that time to
reach maximum heat flux (tMHF ) was increased from stagnation region to
radial direction in both top and bottom surfaces. Wetting front velocity was
significantly smaller on the top surface quenching, but the quenching heat
flux was slightly larger compared to the bottom surface. Smaller H/d led to
slightly higher heat flux and shorter residence time for both top and bottom
quenching. In another study, Robidou et al. [17] captured small increase in
surface heat flux by smaller H/d in the film and transition boiling regime.
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However, they found no effect of H/d in the nucleate boiling regime in
agreement with Sakhuja et al. [18].

In a study of boiling curve of quenching a flat surface with initial
quenching temperature (Tinitial = 650◦C) by single water impinging jet,
Hall et al. [19] investigated boiling curve on radial distances from
stagnation point. They observed a small increase of heat flux and decrease
of minimum temperature in the film boiling regime for radial distances
r/d > 2. But for radial positions closer to stagnation point of jet,
minimum temperature was not observed and heat flux increased rapidly to
maximum value in the boiling curve.

In regard to maximum heat flux (MHF) of transient quenching,
Mozumder et al. [11] studied quenching of flat surface (250 to 450◦C) by
single water impinging jet. They observed that position of MHF moves
from stagnation point radially by growth of WF flow and MHF magnitude
is increased by higher ΔTsub and U . Temperature corresponding to MHF
was found to be within the range 120 − 200◦C and is independent of
variation of subcooling temperature and jet velocity. In a study by Kim
et al. [20], higher initial temperature (500 to 1000◦C) of quenching led to
increase of MHF which was more highlighted in radial distances from
stagnation point of water single jet. Katto and Yokoya [21] analyzed
quenching of flat surface with single impinging jet and reported
correlation to predict q′′

CHF
as follows,

q′′
CHF

= ρl hfgUK[
σ

ρlU
2(D−d)

1
1+D/d

]m, (2.1)

where D is heater diameter and the variable K and m were defined such that⎧⎪⎪⎨
⎪⎪⎩

K = 0.0166+7.00(ρv/ρl )
1.12

m = 0.374(ρv/ρl )
0.0155 for ρv/ρl ≤ 0.00403

m = 0.532(ρv/ρl )
0.0794 for ρv/ρl ≥ 0.00403

(2.2)

The range of validity in this correlation is ρl/ρv = 5.3− 1605 , d =
0.7−4.1 mm, U = 0.3−60 m/s, D = 10−60.1 mm and D/d = 3.9−53.9.

In application of water impinging jet on quenching convex surfaces
(i.e., hollow cylinder and bar), surface curvature rate is a new parameter
that influences hydrodynamics and heat transfer of boiling phenomena.
Similar to the flat surface quenching, water impinging jet deflects to radial
direction when it approaches the impinging region due to impermeability
constraint. The growing wetted region rolls over curvature of the surface
and is ejected to surrounding medium in boundary of unwetted zone due to
surface tension and shear forces, similar to flat surface quenching. When
the size of wetted region is large enough that annular transition zone
nearly reaches where normal vector of curvature becomes horizontal
(nearly 0 and 180◦), water flow leaves the surface due to the curvature of
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surface and force of gravity, which results in wetted region not being able
to grow further beneath this boundary in the unwetted zone.

In the case of quenching static convex surface, shape of wetted region
and WF is symmetrical and uniform over the quenching surface [2]. But in
the case of surface movement by rotation of cylinder, the shape of wetted
region becomes non-uniform [2, 3]. Mozumder et al. [2] reported that in
case of rotation speed 30 rpm, the wetted region leaves the surface at about
178◦ angle in the side in which wetting front grows parallel to surface
movement direction and 36◦ angle where wetting front growth is against
the rotation direction.

Due to cyclic movement of surface by rotation, heat flux variation of
quenching by single water impinging jet is quite different from quenching
of moving flat surface [2, 4]. On each cycle of cylinder revolution, heat
flux increases significantly when quenching point is passing impingement
region of jet (wetted zone) and decreases after that to the end of revolution
cycle in the unwetted zone. The magnitude of maximum heat flux is
decreased among the cycles as surface temperature drops in transient
experiment. Mozumder et al. [4] investigated rotation speed 30 and 60
rpm and reported higher maximum value of heat flux on each cycle for
rotation speed 30 rpm. In a study of quenching rotary cylinder with planar
subcooled water impinging jet, Gradeck et al. [7] presented higher heat
flux for lower rotation speed and the difference between heat flux values
became larger closer to the impingement region of planar jet.

Tsuboyama et al. [3] studied effect of liquid subcooling (ΔTsub) and jet
flow rate (Q j) on the heat transfer of quenching a rotary cylinder by single
water impinging jet. They reported that surface heat flux (q′′) is increased
by higher ΔTsub and Q j in the boiling curve of stagnation point. This result
is in agreement with previous study of ΔTsub in quenching of rotary hollow
cylinder by planar jet [6] and single water impinging jet impingement on
flat surface [17, 22] and reported investigation of Q j in quenching of rotary
cylinder by water impinging jet [2].

One important aspect of impinging jet technique is the enhancement of
heat flux in the film and transition boiling regime. The enhancement is
known as shoulder of flux [23, 19] which has been observed in the boiling
curve of radial distances near the stagnation point of water impinging jet.
Robidou et al. [17] carried out quenching a flat surface by water impinging
jet and found that the enhancement of heat flux in the shoulder of flux
becomes larger by higher ΔTsub as well as closer radial distance to
stagnation point. However, Gradeck et al. [6] observed no shoulder of flux
with ΔTsub <34 K in quenching of rotary hollow cylinder by planar jet.

2.2 Multiple water impinging jets
Practical application of water impinging jet in industrial quenching
systems leads to applying several nozzles to cover the quenching area
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which defines application of multiple array of water impinging jets. In this
manner, an interesting flow feature is created in hydrodynamics of boiling.
As wetted region of each jet grows in radial distance in time, WF of
adjacent jets collide with each other and water flow is deflected to upward
direction with a thick rim which is called upwash flow (Figure 4), a
mechanism to discharge the water from quenching surface. In the
equilibrium position, part of the upwash flow returns to wetted region and
the rest is splashed to surroundings.

Figure 4: Approaching wetting front flows and creation of upwash flow.

Slayzak et al. [24] studied the upwash flow characteristics between two
planar free-surface water impinging jets, cooling a flat surface. They
carried out experiments for twin jets (equivalent flow rate) and observed a
stable fountain (upwash flow) mid-way between the jet with comparable
heat flux characteristics with the jet’s impingement region. In case of
lower flow rate in one of the planar jets, the fountain became unstable with
closer equilibrium position to the weaker jet and lower heat flux rate in the
upwash zone.

In the literature study, few studies were found that studied the effect of
multiple array of jets on hydrodynamics and heat transfer of boiling over
flat and convex surfaces. In a series of experimental studies [25, 26],
quenching of flat surface was investigated from bottom with
configurations of 9 jets in-line and 7-jet staggered array respectively. Pan
and Webb [25] reported local heat transfer under the central jet is
independent of d, but influenced by S/d and H/d. The cross flow
interactions of adjacent jets were minimal due to the fact of quenching the
bottom surface. Secondary maximum of Nusselt number was observed in
the upwash flow zone and a correlation equation for area-averaged Nusselt
number was proposed for both staggered and in-line arrays,

Nu = 0.0225 Re2/3 Pr1/3 e−0.095(S/d). (2.3)

The validity range of the correlation is d = 1 − 3 mm, 2≤ S/d ≤8 and
H/d =2 and 5 and Re = 5000 to 22000. Monde and Mitsutake [27]
studied critical heat flux of a twin and 4 in-line multiple water impinging
jets pattern affected by subcooling and jet velocity. They observed
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increase of CHF with higher ΔTsub and Re and evaluated a correlation of
quenching flat surface by single subcooled impinging jet on multiple jet
array experimental results and reported good agreement with accuracy of
85% of CHF data within ±20% and 96% of data in a range of ±30%,

qc

qco
=

1+
√

1+4CJa
2

, (2.4)

qco

ρv h f gU
= 0.221(ρl/ρv)

0.645[
2σ

ρlU
2(Lc −d)

]0.343(1+Lc/d)−0.364, (2.5)

C =
0.95(d/Lc)

2(1+Lc/d)0.364

(ρl/ρv)
0.43[2σ/ρl u

2
j(Lc −d)]0.343 , (2.6)

where Lc is twice the distance between stagnation point of jet and the
furthest point on the heated surface. The validity range of this correlation
is ρl/ρv = 8.8−1605, U = 5−34 m/s, ΔTsub = 0−115 K, Lc/d = 5−30
and an inverse Weber number 2σ/ρlU

2(Lc −d) of 2×10−7 to 10−3.
Initial wall-superheat temperature is one of the main quenching

parameters that plays an important role in the application. As industry
introduces a wide range of temperatures in the quenching process,
understanding the effect of ΔTsat is an important task. In a research study
by Kim et al. [20] radial staggered pattern of water impinging jets (d = 3
mm) with S/d = 4 was used to investigate effect of initial quenching
temperature on area-averaged heat transfer in transient quenching
experiment on a thick solid surface. It was found that average heat flux of
nucleate boiling did not change by increasing the initial wall superheat
temperature from 400 to 900K, while maximum average heat flux of
boiling curve is increased by higher ΔTsat .

In a study of jet-to-jet spacing, Lee et al. [28] investigated quenching
of static flat surface by seven water impinging jets in staggered pattern and
found S/d = 4 obtained maximum area-averaged heat flux in range of 3≤
S/d ≤10. Vakili and Gadala [29] investigated quenching of a moving flat
plate by three multiple water impinging jets pitches: in-line, half-staggered
and staggered and reported the most uniform heat transfer is obtained by
the staggered configuration. They also studied distance between the rows of
nozzles and found smaller distance between the rows increased heat transfer
in the upwash flow zone. However, higher plate moving speed decreased
heat transfer only in the impinging region of jets in the configuration.

2.3 Inverse solution
In practice it is very challenging to measure temperature and heat flux of
quenching surfaces. The measurement instrument cannot be located over
the quenching surface as it would disturb the heat transfer and
hydrodynamics of the boiling, or cannot withstand the harsh conditions of
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the quenching. The IR camera technique is not an alternative either, as the
water flow over the surface is an obstacle for the camera to capture the
thermal waves emitted from the surface. One alternative is to apply
thermocouple and use Nanmac thermocouple (U.S. Pat. No. 2.829.185)
for single surface point temperature measurement [30]. It is mainly
applicable for quenching tests of thick test specimens in the water bath and
is not practical to apply for temperature measurement in several points for
thin quenching objects.

One suitable technique to determine the surface temperature and heat
flux is to solve an inverse solution based on temperature measurement
beneath the surface. In this manner, the recorded temperature is used to
solve a boundary value problem for the heat conduction equation of the
quenching test specimen [31, 32, 33, 34, 35]. This situation is often
modeled as a Cauchy problem [31, 36, 37, 38] as temperature and heat
flux data are available at a position with small distance from the quenching
surface.

The Cauchy problem for the heat conduction equation is known to be
ill-posed [31, 39, 40] in the sense that the solution does not depend on the
recorded experimental data in a stable way. In other words, small
measurement errors can cause arbitrary large changes in the numerical
solution. This means that by unavoidable presence of noise in the
temperature and heat flux data, regularization methods have to be applied
to stabilize the solution to the Cauchy problem.

In order to apply regularization, one can reformulate the Cauchy
problem of the heat conduction equation as an operator equation, where
f (x, t) is the surface temperature and g(x, t) is the recorded interior
temperature [41, 42] such that

K f = g. (2.7)

One can solve the new operator equation by several methods that can be
applied to ill-posed problems.

There are various regularization methods that could be used for solving
the heat transfer problem, e.g., Tikhonov regularization [43] and iterative
methods. Generalized minimal residual method (GMRES) developed by
Saad [44] is an iterative method that can be used to solve linear operator
equations. The regularizing properties of the GMRES method have been
studied in [45, 46, 47]. Eldén and Simoncini [8] examined the GMRES and
reported good solutions for equations similar to (2.7).
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3 Research methodology

3.1 Experimental study
In this section the experimental setup and processes are described which
are implemented to study the characteristics of boiling heat transfer and
inherent parameters in application of quenching rotary hollow cylinder with
multiple array of water impinging jets.

3.1.1 Experimental setup
The schematic of experimental set-up of quenching system by
water-impinging jets is illustrated in Figure 5. The test chamber is the core
of the experimental setup where heating and quenching processes of test
specimen are carried out. The test object is hollow cylinder with
dimensions reported in Table 2. An induction heater (28 kW) with moving
rail system is used to heat up the test specimen inside the test chamber
(Figure 6). The heater controlling system interface in the LabVIEW
program enables the operator to control the heating rate during the heating
process.

Table 2: Configuration of test objects in the experimental study.

Sample Do[mm] Di[mm] Do/Di Thickness [mm] L [mm]

1 96.6 61.6 1.56 17.5 173

2 152.2 95.2 1.59 28.5 173

3 192.3 124.5 1.54 33.9 173

In the circulation system, main water pump is used for the circulation.
Magnetic flow meter and differential pressure transducer measure water
flow rate and pressure respectively. In order to start and stop the quenching
process automatically, two-way solenoid valves are installed after flow and
pressure measurement instruments to control direction of water flow in the
circulation system. In order to introduce rotation to the hollow cylinders to
mimic the condition of run-out table (ROT), a servo motor, chain system
and a rotary shaft coupled to test specimen with an adapter are used.

In total, a maximum of 34 thermocouples are used to record
temperature of the hollow cylinder in solid material with recording
frequency of 50 Hz. In order to remove twisting of wires during rotation
of test specimen, a slip ring is installed at the end of rotary shaft. Slip ring
consists of one internal rotary section and an external stator ring. All
thermo-element wires are connected to the rotary section of slip ring
through the connection box. The stator wires of slip ring transfer
measured signals into the data acquisition system (DAQ). The DAQ
system (NI-cDAQ-9178) receives measurement data of flow meter and
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pressure transducer from measurement instruments as well. A LabVIEW
program monitors and controls experimental processes and communicates
with the DAQ system to record the measurement data at the end of each
experiment.

thermocouples

test chamber

flow
 meter

water jet

induction
heater

pressure
 transducer

water tank

hollow
cylinder

data logger

computer

solenoid valve

water pump

Figure 5: Schematic of experimental set-up and temperature measurement configuration.

Figure 6: 3-D sketch of the test chamber of the experimental setup.
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In order to avoid heat transfer of hollow cylinder from sides and
interior surface to mimic the boundary condition of long steel tube in ROT,
insulation gasket and metal flange were mounted on both sides of hollow
cylinder which are shown in Figure 7. The material of flanges was copper
to avoid over-heating of flanges and cylinder edges with magnetic flux of
induction heater.

Figure 7: The three hollow cylinder samples used in this study.

The experimental process contains three main steps: first, water
temperature inside tank is regulated by cooling and heating system to the
desired temperature. Water is circulated by main pump in an internal loop
and required water volume flow rate is regulated by monitoring flow rate
measurement with magnetic flow meter. In the second step after
regularization of water temperature and flow rate, induction heater is
moved into the test chamber while hollow cylinder is rotating at the
desired rotation speed. The heater covers the entire rotary test specimen
and heating process begins up to slightly higher than desired initial
temperature. Then the heater is taken away from the test chamber. Finally,
LabVIEW program monitors average temperature of test specimen until
average temperature value decreases to the desired initial quenching
temperature. Then it sends 24 V pulse signal to solenoid valves to switch
the water circulation from internal circulation toward the array of
impinging jets inside the test chamber to start the quenching process. The
quenching experiment is continued until average temperature of hollow
cylinder reaches to 100◦C upon which the quenching is completed. At the
end, 24 V signal is sent to solenoid valves to switch the circulation
direction to internal loop and recorded data in DAQ system is saved by
LabVIEW program.

The material of hollow cylinders is carbon steel (ρ = 7850 kg/m3) with
concentration presented in Table 3. Thermal conductivity and specific heat
capacity were measured in a temperature range of 100 to 600◦C and average
values are considered for the numerical calculations: 42 W/m.K and 808
J/kg.K respectively.
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Table 3: Material concentration of carbon steel in the experimental study.

C Si Mn P S Cr Ni Mo V DI

Min % 0.17 0.30 1.45 - 0.02 0.20 - - 0.08 1.60

Max % 0.20 0.45 1.6 0.02 0.03 0.28 0.20 0.10 0.12 1.90

3.1.2 Temperature measurement technique
Thermocouple consists of two dissimilar wires joined at one end, known
as measuring junction which is shown in Figure 8a. In order to measure
temperature, the junction should be in contact with the temperature
measurement point and the wires must be insulated electrically from each
other.

omposition 2

omposition 1

(a)

insulation

sheath

thermo-elements

(b)

Figure 8: Thermocouple structure (a) thermo-elements connection on measuring junction; (b)

3-D cross section of grounded super shielded thermocouple.

There are various types of thermocouples depending on operating
temperature range, stability in use (service life), compatibility with various
environments and cost. Among grounded, ungrounded and exposed
junction types of thermocouple, grounded type is the most suitable to be
embedded in drilled hole. In order to increase the accuracy of the
measurement in comparison to the standard thermocouple, super shielded
thermocouples were chosen with extra insulation cover shown in
Figure 8b. Thermocouple type N has been selected because of long-term
stability, high operating temperature and non-magnetic compositions
against magnetic flux by induction heater.

By considering the types of thermo-element wires, the thermocouple
must be calibrated for various temperature ranges. There are data sheets
available from manufacturers for each thermocouple type as standard
accuracy levels. But in order to make sure about the accuracy level, two
thermocouples were picked randomly and calibrated by the manufacturer
according to the request for this study. The results of uncertainty of the
thermocouples were identical and Table 4 presents the results of
calibration of one thermocouple.

In order to fulfill the input requirement of the inverse solution, two
measurement lines were designed along the cylinder’s longitudinal axis in
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Table 4: Uncertainty report of one of the two calibrated thermocouples by manufacturer based

on the requested temperature ranges.

Treference (◦C) Probe temperature (◦C) Uncertainty %

100 99.9 ±0.22

200 199.7 ±0.29

400 399.3 ±0.90

600 598.8 ±0.90

815 814.1 ±1.20

two different depths of the test specimen’s thickness: line R1 and R2, see
Figure 9. The spacing between measurement holes was 4 mm. The
thermocouples were embedded in drilled holes (dhole= 1.5 mm) with
special care and a special cement was used to fix the thermocouple
position inside the hole permanently to ensure that there is stable contact
between the tip of the thermocouple and the measurement point during
heating and cooling processes. The thermocouples in test sample Do/d =
12 were embedded into half of the hollow cylinder and then the other half
was welded (Figure 10a). Embedding setup for hollow cylinder Do/d = 19
and 24 (Figure 10b) includes a support plate (from cylinder material) to fill
the removed material of hollow cylinder during the drilling process. The
thermocouple wires clamped with a plate and two screws into the hollow
cylinder and insulation gasket were used to avoid heating the plate clamp
in experiments. A complementary part was welded to fill the drilled
opening in the hollow cylinder which was used for thermocouple
installation.

R
R

2

1

quenching surface

Ro

4 mm

1.7 mm

hollow cylinder axis

  

Ri

Figure 9: Sketch of drilled holes in the measurement lines R1 and R2.

As mentioned above, slip ring was used to remove wire twisting from
thermocouples. The material in the slip ring is based on material
composition of N-type thermocouple. However, the connection between
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thermocouple wire and the slip ring’s channel becomes the reference
junction which is in the connection box (Figure 6). The temperature inside
the connection box is measured by a thermistor to apply the reference
junction compensation in the LabVIEW program.

Among all experimental studies in range of 100 and 600◦C, maximum
uncertainty of thermocouple sensor and DAQ system was at the level of
±1.1%. The maximum uncertainty of sensor location, water temperature
(Tw) and water flow rate (Q) among all 283 experiments were ±4.6%,
±5.8% and ±1.8%. Additional errors are produced in setting parameters

drilled measurement 
holes

welding chamfer

pin

(a)

drilled measurement holes

plate clamp

complementary part

support plate

insulation layer

(b)

Figure 10: Exposed view of thermocouple embedding setup in the hollow cylinders (a) Do/d =

12; (b) Do/d= 19 and 24.
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in the test rig equipment, i.e., setting the pump voltage to obtain designed
flow rate in the experiment, adjusting the current in the induction heater to
get desired initial temperature and regulating water temperature to the
desired subcooling in the experiment. In this manner, the maximum error
to set Q, ΔTsub and Tinitial was ±3.2%, ±1.3% and ±1.4% respectively.

3.2 Numerical study
This Section describes numerical study carried out in this research study in
two parts. First, the developed inverse solution is discussed, which was
used to implement recorded measurement data in quenching experiments
and predict surface heat flux and temperature of hollow cylinder in the
transient quenching. In the second part of the numerical study, direct
simulation study is presented, which was used to simulate conduction heat
transfer in the solid during quenching based on result of inverse solution
and experimental boundary conditions.

3.2.1 Heat conduction inverse solution
As described in the literature review of inverse solution (Section 2.3), the
recorded interior temperature data of test specimen can be applied to the
inverse solution to predict the spatio-temporal surface temperature and
heat flux. In this manner, one can first define the forward problem to
understand the heat transfer problem, i.e., create a functional temperature
profile at the surface boundary and compute corresponding temperature
data at the measurement locations numerically. This is useful in the sense
that it also can serve as a basis for developing the algorithm of the inverse
solution. The heat transfer of test specimen interior is governed by the
time-dependent heat transfer equation by conduction, i.e.,

∇ · (k∇T ) = ρcpTt , (3.1)

where k, ρ and cp are the thermal conductivity, density and specific heat
capacity of the test specimen’s material. The computational domain is
illustrated in Figure 11 in terms of radius r, the axial length x, and the time
t. The inner and outer surface of hollow cylinder are located at r=Ri and
r = Ro respectively and temperature measurement in the experimental
study (h(x, t) and g(x, t)) is done along r=R1 and R2.

The test specimen for the experimental tests is a cut piece of long steel
tube and domain of the inverse solution is considered at center part of the
cylinder. The domain notation in the solution is defined as follows,

Ω = {(x, t) |x1 < x < x2, and 0 ≤ t ≤ t f inal }, (3.2)

In this equation, x1 and x2 represent length of the geometry in the inverse
solution and duration of recording temperature data is defined as t f inal . By
considering the notations, temperature boundary condition on the surface
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Figure 11: Schematic of position of 2-D geometry in the inverse solution.

of the geometry f (x, t) = T (x, t,Ro) is defined as a function on the domain
(x, t) ∈ Ω. The side boundary conditions are assumed thermally insulated
(Tx = 0) in x = x1 and x = x2. The boundary condition on the inner surface
of cylinder is also defined as thermally insulated, i.e., Tr(x, t,Ri) = 0, as
heat transfer inside the large tube in the steel production line is negligible
and the two ends of test specimen are closed by flanges in this study to
mimic the real conditions. One should be aware that initial temperature
condition significantly affects the inverse solution and one good assumption
is to consider a constant initial temperature in solid material before onset
of quenching.

The mathematical model of the heat conduction problem is defined as
follows: Find T := T (x, t,r)∈C2(Ω×(Ri,Ro))∩C1(Ω̄× [Ri,Ro]) such that⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(kTx)x +
1
r (rkTr)r = ρcpTt , in Ω× (Ri,Ro),

T (x, t,r) = f (x, t), on Ω×{Ro},
kTr(x, t,r) = 0, on Ω×{Ri},
Tx(x, t,r) = 0, for x= x1 and x = x2,
T (x,0,r) = f (x,0), on (x1,x2)× (Ri,Ro)×{0},

(3.3)

where f (x,0) is a constant function in time.

The linear operator equation
In the forward problem of heat transfer by conduction, function space is
introduced to define operator that could map the surface temperature onto
the measurement line.

L (Ω) = {u(x, t) ∈C2(Ω)∪C1(Ω̄) (3.4)

such that u(x,0) = u0 is constant}.
The type of boundary conditions in the computational geometry and

the heat transfer equation in the equation 3.3 show that any small variation
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in the surface temperature f (x, t) results in changes on T (x,r, t), i.e., g(x, t)
at R2. This means that the solution of Equation 3.3 depends on the
f -function which shows proof that the forward problem and the relation
between surface temperature and the corresponding temperature at
measurement line R2 are well-posed. Thus the linear operator can be
defined based on this relation as follows,

K f = T (x, t,R2) = g(x, t). (3.5)

The linearity of the operator is an important issue as many of the
inverse methods rely on it. Physical properties of metal material may
change during the quenching process. This causes non-linearity of the heat
transfer problem which needs further study to consider the non-linear
operator K in the inverse solution. In this study, physical properties of
material were considered to be constant and the operator of the heat
transfer problem became linear. The average value of physical properties
in the range of 100 and 600◦C has been used. In order to investigate the
linearity of the operator, one can define artificial data of f1(x, t) and
f2(x, t) and scalars α1 and α2. According to equation 3.5,

K f1 = g1 and K f2 = g2, (3.6)

and by considering the linearity of the operator, the following relation must
be valid in the investigation of linearity of operator K,

K(α1 f1 +α2 f2) = α1K f1 +α2K f2 = α1g1 +α2g2. (3.7)

Heat transfer problem 3.3 being well-posed means the solution is unique,
i.e., for each specific surface temperature f (x, t), there is a corresponding
g(x, t) on the measurement line. Thus the inverse problem is obtained: Find
f ∈ L (Ω) such that

K f = g, (3.8)

where g ∈L (Ω) is a known temperature profile, recorded in the quenching
experiment.

In practice, recorded temperature data of quenching experiment
contains measurement noise (δ ). Therefore one should redefine the inverse
problem 3.8 where g(x, t) is temperature profile without noise. In this
manner gm(x, t) = g+ δ is defined. It should be noted that the operator
equation 3.8 is ill-posed [41]. This means that small changes in
measurement data (g(x, t)) can cause large variations in the inverse
solution, or the solution may not exist.

The Arnoldi method
In this study, the generalized minimal residual method (GMRES) is applied
as an iterative method to seek the approximate solution of inverse solution.
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This method applies the Krylov subspace as do many other modern iterative
methods [44],

fm = f0 +Km(K,r0), (3.9)

where f0 is an initial guess of the solution, and the Krylov subspace is

Km(K,r0) = span{r0,Kr0,K2r0, ...,Km−1r0}, (3.10)

and r0 = g−K f0 is residual corresponding to initial guess g(x,0).
The GMRES algorithm is presented in Table 5. This method is

implemented by first computing an orthogonal basis for the space
Km(K,r0) and the orthogonal basis is then used to solve the least squares
problem,

min
fm∈ f0+Km(K,r0)

‖K fm −g‖. (3.11)

That is, the residual is minimized over the set of admissible solutions.

Table 5: The GMRES algorithm [44].

1. Compute r0 = g,β = ||r0||, and v1 = r0/β .
2. for j = 1,2, ...,m do

Compute w = Kv j .
for i = 1, ..., j do

hi j = (w j ,vi).
w j = w j −hi jv j .

end

h j+1,i = ||w j||2. if h j+1, j = 0 then stop.
v j+1 = w j/h j+1, j .

end

3. Define Hm = {hi, j} for 1 ≤ i ≤ m+1 and 1 ≤ j ≤ m.
4. Compute ym = H−1

m (βe1).
5. Set fm = f0 + y1v1 + · · ·+ ymvm.

In the algorithm the linear operator K is evaluated exactly once each
time a new basis function v j is constructed. The basis functions v j, and
also the solution fm, belong to the space L (Ω), and the scalar product (·, ·)
is given by a double integral.

Numerical study in the inverse solution
In this study, commercial software Comsol Multiphysics was used to solve
the conduction heat transfer problem 3.3 in the GMRES algorithm. A
communication connection between Matlab and Comsol software was
established by Comsol with Matlab LiveLink. The linear operator K was
evaluated by importing temperature data at R2 and Ro into the Comsol
simulation file, running the finite element solver (FEM), exporting
temperature data and sending it back to the GMRES algorithm in Matlab.
The computational domain (Ω) was discretized using structure mesh.
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Validation of inverse solution
In the validation study of the inverse solution, it is convenient to have
problems with known solutions. In this manner, surface temperature
T (x, t,Ro) = f (x, t) was defined based on a time decay functional
expression to produce temperature drop similar to quenching experiment
condition. A direct simulation based on equation 3.3 was solved by
commercial software Comsol Multiphysics to find T (x, t,R2) = g(x, t) and
Tx(x, t,R2) = w(x, t). The evaluated temperature and heat flux at R2 (g(x, t)
and w(x, t)) were used in the inverse solution to predict the surface
temperature T (x, t,Ro) = f (x, t). One can evaluate accuracy of the inverse
solution by calculating the difference between exact (artificial) and
predicted f (x, t) as follows,

error = f (x, t)arti f icial − f (x, t)predicted . (3.12)

A series of sensitivity analyses were carried out to analyze the sensitivity
of solution to mesh size, quenching cooling rate, initial quenching
temperature and measurement noise level with wide range of
regularization parameters (m). The result in Figure 12a shows that total
grid points 9416 (0.36 mm cell size) in the computation domain (Ω)
provide minimum average error 4◦C. In study of quenching cooling rate
effect on the inverse solution accuracy, four different temperature drop
gradients were defined (Figure 12c) and no significant changes were
captured on mean error in Figure 12b. However, slightly higher maximum
error was captured for temperature drop with larger gradients. Similar to
temperature drop gradient, no high sensitivity of the solution was found to
initial quenching temperature.

The result of evaluation of noise level on the inverse solution shows
mean error ±3.5◦C at prediction of f (x, t) without any noise in the artificial
temperature data. However, the error magnitude increased to average error
±15.3◦C in Figure 13 with defined noisy temperature data with random 4
and 8% noise level with m = 5 in the GMRES algorithm. This is a proof of
the effect of measurement noise on the inverse solution accuracy. Based on
this result, regularization parameter m = 5 was chosen for this study.

3.2.2 Numerical analysis
In order to study the spatio-temporal heat transfer and temperature
distribution by internal heat conduction in solid material, numerical
analysis is done with direct simulation of heat transfer. In this manner,
Comsol Multiphysics software is used to define the forward heat
conduction problem 3.3 to find T := T (x, t,r) in the computational domain
(Ω) where f (x, t) is the predicted surface temperature by the inverse
solution. The computational domain (Ω) is defined according to
equation 3.2 which is illustrated in Figure 11. A Matlab script has been
written to communicate with Comsol Multiphysics to implement the
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(a) (b)

(c)

Figure 12: Sensitivity analysis of the inverse solution; (a) average error as function of number

of cells in the domain; (b) maximum and average error as function of cooling rate gradient (c)

exact and predicted temperature drop gradient profiles.

(a) (b)

Figure 13: Effect of noise level and regularization parameter in the solution; (a) 4% noise; (b)

8% noise.
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boundary conditions and execute direct heat conduction simulation.
Structured mesh of inverse solution is used in the direct numerical study.
Time step of transient heat transfer simulation is 0.02 s which is
corresponded to 50 Hz, temperature measurement frequency, in the
experimental study. The computational time is depended mainly on the
hollow cylinder size and the cooling time duration between 15 up to about
60 minutes. The larger Do/d, the larger the computational cost is. At the
end of simulation, the simulated spatio-temporal data of temperature and
heat flux in the solid’s domain (Ω) is exported to Matlab interface for
further data analysis.
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4 Case studies

4.1 Multiple array of impinging jets
In order to increase the quenching area over the surface by impinging jets,
adding a greater number of impinging jets in the quenching system can be
beneficial. This can be done by mounting extra rows of nozzles into the
multiple array of nozzles. However, complexity of the quenching
phenomena and heat transfer are raised with more interaction between
multiple impinging jets along each row as well as between multiple rows.
Therefore the investigation of quenching by multiple arrays of nozzles
should consider the complexity level of quenching phenomena created by
arrays in configuration.

In this manner, to understand potential effects of various multiple array
of jets, this research study began with a set of parametric studies on 1-row
array configuration. A comprehensive study conducted on a wide range
of parameters may influence the boiling heat transfer. Effect of adding
one extra row in the array was investigated in a configuration of 2-row in-
line array in comparison with result of single-row array. Finally, to gain
better knowledge of the concept of quenching hollow cylinder by multiple
arrays and producing a data map for practical application of multi-jets in
quenching of rotary hollow cylinder, a comprehensive parametric study was
performed on 4-row array of jets with two configurations of in-line and
staggered pattern. In this research study, a total of 283 transient quenching
experiments were carried out to answer the research questions of the study.

4.1.1 1-row array
Figure 14a illustrates 1-row array of water impinging jets and the
impingement configuration’s parameters: jet diameter (d), jet-to-jet
spacing (S), jet-to-surface spacing (H) and angular position of the row (θ ).
In the first step of the investigation, the length of temperature
measurement line was 36 mm (Figure 14b) in experiments with S/d ≤ 8.
However, in further experimental study, the measurement line was
extended to 64 mm for experiments with S/d up to 10. The longer
temperature measurement line covers larger cooling area results in
recording more information from boiling heat transfer phenomena
between adjacent jets in the multiple arrays (Figure 14b).

In industrial scale, the number of jets in a row can be much more than
the studied configuration in Figure 14b and all the water impinging jets in
the row interact with two adjacent jets, except two jets on the sides of the
row which interact with only one neighbor jet. In this study, the central jet
in the array represents the condition of the majority of jets in the industrial
scale and therefore the measurement lines are placed in the center area of
hollow cylinder under impingement area of the central jet. In the
parametric study with this configuration, 66 experiments were conducted
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to study effect of each individual parameter in the quenching boiling heat
transfer: jet flow rate (Q j), subcooling temperature (ΔTsub), initial
quenching temperature (Tinitial), jet-to-jet spacing (S/d), jet-to-surface
spacing (H/d), surface curvature ratio (Do/d), rotation speed (ω) and
angular position of the row (θ ).

(a)

x/d
0           2 4          6 8

Measurement line (36 mm)

adjacent jet

x/d

-4         -2

adjacent jet

Footprint of central jet in the row

adjacent jet adjacent jet

0           2 4          6 8-4         -2

Measurement line (64 mm)

(b)

Figure 14: Case study 1; (a) configuration of 1-row array of water impinging jets over hollow

cylinder; (b) the temperature measurement line setup in the experimental study.

Table 6 presents a designed range of parameters in the parametric study
of quenching by 1-row array of water impinging jets. It should be noted
that in the designed experiments, variation of each parameter was studied
while the other parameters were kept constant to the reference value
(underlined value in Table 6). With regard to this parametric study, most
of the experiments have been designed to study the wide range of
parameters in quenching experiment of hollow cylinder Do/d = 12.
However, three ranges of each parameter were used to study effect of
Do/d. The jet diameter d = 8 mm and Q j = 2.7, 5.4, 10.9 and 12.5 L/min
corresponds to Rej = 8006, 16012, 32023 and 36738 respectively.
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Table 6: Designed range of parameters in the experiments with configuration of 1-row of water

impinging jets.

Parameter Unit Range

Qj L/min 2.7, 5.4, 10.9, 12.5

ΔTsub K 45, 55, 65, 75, 85

Tinitial
◦C 250, 350, 450, 550, 600

S/d - 2, 4, 6, 8, 10

H/d - 1.5, 3, 5, 7

Do/d - 12, 19, 24

ω rpm 10, 30, 50, 70

θ ◦ 0, 45, 90, 135

N - 1

α ◦ 45

Hydrodynamics of jets in 1-row array
In the impingement of water impinging jets in 1-row array, the growth of
WF flows is ended by collision of the adjacent flows with each other in
middle of spacing between the jets. Figure 15a illustrates the collision of
WF flows that causes water flow deflection upward and produces upwash
flow with thick rim. This interesting flow feature creates a mechanism to
discharge the water flow from the quenching surface. A part of upwash
flow is splashed out into the surrounding (unwetted region) and leaves the
surface at about θ = 180◦ by force of gravity and surface movement. The
rest of the upwash flow is entrained into the WF flow. In this study the
created upwash flow between adjacent jets in 1-row array is named lateral
upwash flow where the footprint over the quenching surface is presented in
Figure 15b. Similar to asymmetric growth of WF in radial distances over
the rotary hollow cylinder, the length of lateral upwash flow is less in the
direction opposite of surface movement (toward θ = 0◦). However, surface
movement expanded the length of lateral upwash flow on the other side
toward θ = 180◦.

4.1.2 2-row multiple array
One extra row of nozzles added to the 1-row array creates 2-row multiple
array. In this study the row (A) of 1-row array has been used as reference
row and the second row was added into the array. This introduces a new
parameter into the multiple configuration: angle (α) between the row (A)
and second row (B) which represents an arc, the between rows of jets in
the array, see Figure 16. The extra row in the array results in extension of
wetted region that the hollow cylinder has to pass on each rotation cycle. In
experiment with 2-row array, the length of temperature measurement line
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Figure 15: Case study 1; (a) schematic of WF flows collision and creation of upwash flow; (b)

footprint of upwash flow in 1-row array.

was 64 mm which is shown in Figure 14b.
A series of parametric studies were done to investigate influence of

various parameters on heat transfer by boiling phenomena in this
configuration of nozzles. Table 7 shows studied ranges of each parameter
in 2-row pitch of nozzles. Similar to case study 1 in Section. 4.1.1,
variation of one parameter was studied while the other parameters were
kept constant (underlined value in Table 7). The wide range of parameters
was studied with hollow cylinder Do/d = 12. However, for the study of
Do/d, three values of each parameter were implemented. The angle
α = 45◦ was used in the 2-row multiple array. In total 52 experiments
were performed for 2-row configuration of water impinging jets.

(a) (b)

Figure 16: Case study 2; (a) position of rows in 2-row multiple array; (b) 3-D schematic of 2-row

array over the hollow cylinder.

Hydrodynamics of jets in 2-row array
In the water impinging jets’ flow field in the 2-row array, the lateral
upwash flow is captured between stagnation regions of adjacent jets
similar to 1-row array. Additionally, a secondary type of upwash flow is
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created between jets in adjacent rows in the array which is named
Table 7: Designed range of parameters in the experiments of quenching with 2-row arrays of

water impinging jets.

Parameter Unit Range

Qj L/min 2.7, 5.4, 10.9, 12.5

ΔTsub K 45, 55, 65, 75, 85

Tinitial
◦C 250, 350, 450, 550, 600

S/d - 4, 6, 8, 10

H/d - 1.5, 3, 5, 7

Do/d - 12, 19, 24

ω rpm 10, 30, 50, 70

θ ◦ 0, 45, 90, 135

α ◦ 45

N - 2

longitudinal upwash flow. The 3-dimensional illustration of both upwash
flows is seen in Figure 17a. The expansion of lateral upwash flows in row
A is seen toward θ = 180◦. There is an interaction zone between lateral
and longitudinal upwash flows in the middle of each four jets in the array
which is presented more clearly in Figure 17b. The designed temperature
measurement points along x−axis (Figure 14b) capture temperature
variation caused by the discharge mechanism of upwash flows. The
produced temperature and heat flux data in the upwash flow zone may
increase the understanding of hydrodynamics of boiling with these
phenomena created by multiple array of jets.

(a)

lateral
upwash

longitudinal
upwash flow

180º

0º

x L/2-L/2

(b)

Figure 17: Case study 2: (a) schematic of upwash flows interactions; (b) footprint of upwash

flows in 2-row array.
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4.1.3 4-row multiple array
In order to gain better insight into the quenching phenomena over rotary
hollow cylinder with multiple arrays of water impinging jets, 4-row
multiple array of water impinging jets was designed for the experimental
study. In this manner, in-line and staggered patterns were designed
(Figure 18a) and studied separately to evaluate the effect of position of
nozzles in the pattern on local and area-averaged heat transfer in terms of
surface boiling heat transfer and spatio-temporal heat transfer by internal
heat conduction in solid material. Figures 18b and 18c illustrate the added
row C and D into the 2-row multiple array. Similar to the 2-row
configuration, the angle α = 45◦ was kept constant between the rows and
spacing between rows was 8d, equal to the jet-to-jet spacing in the rows.
Similar to case study 2, the length of temperature measurement lines was
64 mm (Figure 14b).

d

S

S

4d

S

(a)

(b) (c)

Figure 18: Configuration of nozzles in 4-row arrays (a) in-line and staggered pitch; (b) position

of rows in 4-row array; (c) 3D schematic of 4-row in-line pattern array.

Based on the analysis of experimental results in the 1-row array
(Section 4.1.1), the most effective parameters were chosen to be
implemented in this parametric study and to propose the heat transfer
correlations for these multiple arrays. Table 8 presents the range of
variation for the studied parameters: Q j, ΔTsub, Do/d, ω in the in-line and
staggered arrays. All combinations of variables with three ranges have
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been designed in both in-line and staggered arrays, resulting in a total of
162 experiments in the parametric study.
Table 8: Designed range of parameters in the experiments of quenching by 4-row multiple array

of impinging jets.

Parameter Unit Range

Q j L/min 2.7, 5.4, 9.6

ΔTsub K 50, 65, 80

Do/d - 12, 19, 24

ω rpm 10, 30, 50

pattern - in-line, staggered

Tinitial
◦C 600

S/d - 8

H/d - 3

α ◦ 45

θ ◦ 90

N - 4

Hydrodynamics of jets in 4-row arrays
The interaction between upwash flows in multiple arrays with more than
1-row water impinging jets depends on the configuration of jets in the
array. The flow feature of in-line multiple arrays with more than 2-row of
nozzles has similar upwash flow patterns with in-line 2-row array. The
only difference is the total number of longitudinal upwash flows and
interaction zones that depend on number of rows in the array. The number
of lateral upwash flows is dependent on number of nozzles in each row,
which is constant in the in-line pattern in this study. Figure 19a illustrates
the six interaction zones created over the surface by two lateral and three
longitudinal upwash flows in the in-line array. Of specific importance in
this array is that cooling area under stagnation region of one jet
experiences four stagnation regions in each revolution of hollow cylinder
and three longitudinal upwash flow regions. Similar repetition
characteristics are observed in cooling area along the longitudinal x−axis
in the presence of rotation.

In the staggered array, a zigzag pattern of nozzles creates different
interactions between upwash flows. One lateral and two longitudinal
upwash flows cause interaction zone around each central jet in the array
(x = 0). The staggered pattern characteristic is different as the water
impinging jets are spread over the surface in a zigzag configuration. In this
manner, the lateral upwash flow zone of the in-line array (between jets in
each row) is covered by two water impinging jets in the staggered array.
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But in the other side, surface around x = 0 experiences cooling by only

(a) (b)

Figure 19: Footprint of longitudinal and lateral upwash flows (a) in-line; (b) staggered 4-row

array.

two central jets in the array compared to four jets in the in-line array. It is
of interest to mention that the center area of hollow cylinder (x = 0) is
surrounded differently with impinging jets in-line and staggered arrays. In
the in-line array, lateral and longitudinal upwash flows of nine WF flows
of adjacent jets create square form of impinging area around the central jet
in each row and the interaction of upwash flows in the corners of this zone
is caused by collision of four WF flows. However, in the staggered array, a
hexagonal zone is created by six adjacent jets and interaction of upwash
flows is created by three adjacent jets in the array.

4.2 Data reduction

4.2.1 Building of local boiling curve
The local boiling curve is sketched by plotting local wall super-heat
temperature (ΔTsat ) or surface temperature (Ts) versus local surface heat
flux (q′′), see Figure 20. Since the characteristics of the boiling curve are
strongly dependent on the quenching technique, the shape of curve
becomes different with the water impinging jet and pool boiling
techniques. The transient quenching starts from Ts = 600 ◦C and reaches
the minimum heat flux at the Leidenfrost temperature (Tl f ). The existence
of Tl f in the boiling curve of rotary hollow cylinder with cyclic variation
of both surface temperature and heat flux is not seen in all quenching
experiments. In this research study, Tl f was investigated and found in
several experiments at about 467 ◦C in the stagnation point of central jet
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which is in good agreement with reported range of 450− 475◦C reported

(a) (b)

Figure 20: The two ways of defining the boiling regimes boundaries in application of water

impinging jets (a) definition 1; (b) definition 2.

in previous quenching studies by single water impinging jet [17, 19, 48].
This temperature value is also considered as the boundary between film
and transition boiling regimes. By further decrease of surface temperature
during quenching, heat flux begins to increase significantly to maximum
heat flux value (q′′

MHF
) in the curve with time corresponding to the value

tMHF due to unstable vapor film over surface and reduced fraction of
quenching surface covered with vapor film. After the peak value, the
decrease of surface temperature begins in nucleate boiling regime due to
less bubble formation over the surface and direct heat transfer from solid
to liquid becomes more highlighted as surface temperature decreases to
onset of nucleate boiling (well-known as TONB in steady state quenching
experiment) where no boiling activity is captured with Ts < TONB and
surface is cooled down by one-phase forced convection by water
impinging jet. In the definition of boiling regimes in the boiling curve in
the water impinging jet technique, author found two ways to define the
transition and nucleate boiling regimes depending on the position of MHF.
The first definition of boiling curve in water impinging jet application
[49, 11] is nearly similar to reported boiling curve for pool boiling by
Nukiyama [50]. In this definition, q′′

MHF
is not the reference point to

distinguish the transition and nucleate boiling as it may occur in surface
temperatures above 200−300◦C and the boundary between transition and
nucleate boiling corresponds to critical heat flux point (CHF) in pool
boiling technique, see Figure 20a. However, Mozumder et al. [11]
observed TMHF changes slightly in the boiling curve in various radial
distances from stagnation point of jet. One should note that the peak value
in the CHF point may hardly be seen in the boiling curve due to
emergence of shoulder of flux with water impinging jet technique.
However, in the second definition in Figure 20b, MHF is considered as the
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reference point to define boundary between transition and nucleate boiling
regimes [20]. In this case, emergence of shoulder of flux with water
impinging jet technique may shift the point into higher surface
temperature depending on the impingement setup.

4.2.2 Average heat transfer analysis
In order to compare average surface heat transfer of various multiple
arrays, cooling area needs to be defined properly. This area corresponds to
cooling area under one individual water impinging jet in row of multiple
array which in presence of rotation of hollow cylinder becomes a circular
area around the cylinder’s outer surface (A f ). Total number of jets in A f is
increased with higher number of rows in multiple array which is illustrated
in Figure 21. The design of in-line and staggered pattern over the hollow
cylinder has been done in such a way that sum of water impinging jets’
outlet area is equal to four impinging jets over A f .

Figure 21: Definition of cooling area Af under the multiple arrays of water impinging jets.

Then average Nusselt number NuD is defined based on average heat
transfer coefficient (q′′) over A f as follows,

h =
q′′

Ts −Tw
, (4.1)

NuD =
h ·Do

kw
. (4.2)

In this definition, q′′ and Ts are average of surface heat flux and
temperature over A f and Tw and kw are temperature and thermal
conductivity of water respectively based on subcooling temperature.

Average modified Nusselt number Nu∗
D

is calculated by multiplying the
average Nusselt number to cylindrical dimensionless factor where the effect
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of cylinder diameter and thickness in NuD is taken into account,

Nu∗
D
= NuD · 2π

ln(
Do

Di
)

. (4.3)

The jet flow rate is a key parameter in the impinging jet technique
which can be implemented as Uj (with constant d in this study) into the q”
to define dimensionless surface heat flux parameter (q′′/ρwh f gUj). This
parameter is related to impingement heat transfer performance with
considering the impinging flow rate in the array and area-averaged heat
transfer rate. In regard to analysis of impingement cooling performance of
various multiple arrays, impingement cooling efficiency is defined by
comparing the average surface heat transfer performance of multiple
arrays of 2- and 4-row with the 1-row array configuration,

ε =

[[
q′′

ρwh f gUj

]
N

/

[
q′′

ρw h f gUj

]
N=1

]
×100. (4.4)

The impingement cooling efficiency (ε) is an appropriate measure to
analysze and optimize the multiple array configuration based on heat
transfer performance, jet flow rate and total water flow rate in the array.

4.2.3 Multiple array total flow rate
In study of boiling heat transfer by multiple water impinging jets, there is a
relation between the total flow rate and multiple array configuration.

Qtotal = n ·Q j, (4.5)

where

Q j =Uj · πd2

4
. (4.6)

There are two approaches to evaluate the relation in equation 4.5 in
terms of impingement cooling efficiency of multiple arrays. In the first
approach, focus is on each individual impinging jet; Q j is kept constant in
arrays with larger N which increases Qtotal gradually as number of jets in
array (n) increases. As an example, the Qtotal in 2-row and 4-row arrays
becomes double and quadruple compared to 1-row array. However, in the
second approach, the Qtotal is kept constant in the arrays. This is done by
impinging constant total flow rate into a greater number of jets in the array
with larger N which causes lower Q j in each individual jet.

4.2.4 Regression analysis of data
Dimensional analysis by Buckingham’s pi theorem [51] is used in this study
to formulate local and area-averaged boiling heat transfer correlation based
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on Pi groups such as,

π1 = f (π2, π3, ...,πn−m). (4.7)

In this equation, n and m are number of variables and fundamental
dimensions (for example M, L, T) in a problem. Number of variables in
Table 9: The variables and their dimensions used in Buckingham’s pi theorem to formulate the

relationship of Nu and q′′ with other variables in the parametric study.

Nu repeating variables [dim] ρ[ M
L3 ], ΔT[T], D[L], Uj[

L
t ]

other variables [dim] h[ M
Tt3 ], h f g[

L2

t2 ], k[ML
Tt3 ], μ[M

Lt ], cp[
L2

Tt2 ], σ [M
t2 ], Us[

L
t ]

q′′ repeating variables [dim] ρ[ M
L3 ], ΔT[T], D[L], Uj[

L
t ]

other variables [dim] q′′[M
t3 ], h f g[

L2

t2 ], k[ML
Tt3 ], μ[M

Lt ], cp[
L2

Tt2 ], σ [M
t2 ], Us[

L
t ]

regard to the quenching experimental study is 11 with four fundamental
diameters. Table 9 presents the repeating and other variables in the
dimensional analysis. The dimensional analysis based on Buckingham’s
pi-theorem obtained the following Pi groups for the area-averaged Nusselt
number over A f ,

hD
k

= f (
Uj

Us
,

cpΔT
h f g

,
ρDUj

μ
,

σ
ρ(D−d)U2

j
), ⇒ (4.8)

NuD = f (
Uj

Us
, Ja, Re,

σ
ρw(D−d)U2

j
). (4.9)

The result of dimensional analysis of q′′ becomes as follow,

q′′

ρh f gUj
= f (

Uj

Us
,

ρDU3
j

kΔT
,
cpΔT

U2
j

,
σ

ρ(D−d)U2
j
), ⇒ (4.10)

q′′

ρh f gUj
= f (

Uj

Us
, Pe,

σ
ρ(D−d)U2

j
). (4.11)

In equation 4.10, multiplying Pi groups ρDU3
j /kΔT and cpΔT/U2

j results
Re·Pr which is equivalent to Peclet number (Pe).

After finding the Pi groups, estimation of coefficients for the Pi groups
in equations 4.9 and 4.11 was carried out with the regression algorithm of
Levenberg-Marquardt nonlinear least squares [52] based on the
post-processed data of 162 experiments presented in Table 8. A Matlab
script code was written to apply the non-linear regression model on the
post-processed data of experimental study and find best estimated
coefficients in Equation 4.12 for the average Nusselt number over A f and
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coefficients in 4.13 for the average and maximum heat flux at stagnation
point,

NuD = α1 (
Uj

Us
)α2 Jaα3 Reα4 (

σ
ρw(Do −d)U2

j
)α5 ,

(4.12)

q′′

ρwh f gUj
= β1 (

Uj

Us
)β2 Peβ3 (

σ
ρw(Do −d)U2

j
)β4 . (4.13)
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5 Results

In this Chapter the results from the experimental, computational and
parametric studies are presented, analyzed and discussed. The main aim of
this Chapter is to summarize the results of the present research study in
relation to the proposed research questions in Section 1.2.

5.1 Boiling curve in relation to multiple array
In the study of local heat transfer, Figure 22 presents boiling curve
obtained at stagnation point of jet with various multiple arrays in curvature
ratio Do/d = 12, 19 and 24 within the first approach described in
Section 4.2.3. In this approach, flow rate of each individual nozzle (Q j) is
kept constant in the multiple array. However, in the second approach the
total flow rate of array (Qtotal) is constant in various configurations of
arrays. The shoulder of flux emerges for N > 1 in all the curvature ratios
within the first approach, which is proof of local boiling heat transfer
enhancement with larger N in the multiple array with constant Q j.
However, the presence and size of shoulder of flux in the 1-row array
depends on the Do/d and eventually thickness of the hollow cylinder. In
this study, larger curvature ratio in the hollow cylinder leads to larger
exterior area (A f ) and the higher internal heat stored in the hollow cylinder
supplies more heat flux to the quenching surface. The larger the heat
supply into the surface, the less the temperature drop in the wetted zone is
and therefore suppression of surface heat flux. Therefore, shoulder of flux
in 1-row array experiments is captured in Do/d = 12 and it begins to
vanish in larger Do/d. The increased Qtotal with larger N in the array has
an effect on the energy balance by enhancement of heat extraction
potential in the wetted zone. This results in more pronounced emerging of
shoulder of flux and enhancement of q′′s with larger N in the array. The
emergence of shoulder of flux and heat flux enhancement in quenching
with larger N is more pronounced with 2-row multiple array than with
4-row arrays. The results of local boiling curves with the second approach
which is not presented here show that larger N in the multiple array
enhances heat flux in the shoulder of flux in a similar trend. However, the
heat flux increase was less than the first approach due to smaller jet flow
rate in the array by larger N and emergence of shoulder of flux occurred at
lower surface temperature.

In each rotation of the hollow cylinder, surface passes the wetted region,
and boiling phenomena increases the surface heat flux to a peak value which
results in a rapid temperature drop in this zone. After this zone, surface
experiences the unwetted zone with significant heat flux drop from peak
value and temperature may be recovered by internal heat conduction in the
solid until the end of the rotation cycle. The size of temperature recovery in
the unwetted zone depends on the solid thickness, rotation speed, jet flow
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rate, etc. This twofold variation of cooling rate in the wetted and unwetted
zone in each rotation cycle explains the cyclic behavior of the boiling curves
in Figure 22.

(a) (b)

(c)

Figure 22: Local boiling curve at xstg with various multiple arrays of water impinging jets with:

(a) Do/d = 12; (b) Do/d = 19; (c) Do/d = 24 in experiments with ω = 50 rpm, Qj = 5.4 L/min.

ΔTsub = 75 K in 1-row and 2-row array and ΔTsub = 80 K in 4-row arrays.

In the study of the effect of multiple arrays on cyclic heat flux variation
in the boiling curve, Figure 22 shows that the size of cyclic variation is
increased by larger N in the array. In 4-row multiple arrays, the significant
heat transfer enhancement and temperature drop in the wetted zone of early
rotation cycles suppress the cyclic shape of the boiling curve and surface
experiences the nucleate boiling after only a few rotations.

As discussed above, the larger the heat supply into the surface, the less
the temperature drop and heat flux are on the surface in the wetted zone.
This improves the temperature recovery in the unwetted zone by internal
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heat conduction and causes smaller heat flux cyclic variations in boiling
curve of Do/d = 19 and 24 (Figures 22b and 22c) compared to Do/d = 12
(Figure 22a).

The position of MHF point in the local boiling curve is changed with
the multiple array configuration and curvature ratio. The arrays with larger
N increase magnitude of MHF within the first approach of jet flow rate.
Additionally, it takes a lower number of revolutions of hollow cylinder to
reach MHF at xstg with larger N in the array regardless of Do/d ratio.
Since temperature recovery at unwetted zone is significant in a thicker
solid surface, higher surface temperature magnitude is obtained at the end
of each revolution. Therefore in Do/d = 19 and 24, higher TMHF is
achieved with larger N in the array. For the smallest curvature ratio
(Do/d = 12), larger heat flux enhancement and smaller temperature
recovery occurs in early rotation cycles caused by extended wetted region
over A f by larger N. This results in the MHF occuring at a lower
temperature (Figure 22a).

In study of effect of Q j on MHF, author compared the result of various
multiple arrays within first approach with reported correlation 2.1 and 2.4.
The result shows rather good agreement of both equations with 1-row
array experiments (Do/d = 12); 75% of data within 19% deviation with
correlation 2.1 and 62% of data with deviation of 36% difference at xstg.
However, result of experiment of multiple arrays with larger N and Do/d
were under-predicted by both correlations. This may be due to the fact that
neither correlation included the effect of configuration of multiple array,
surface movement and curvature ratio that have been proposed based on
steady state condition.

Figure 23 presents contour plot of surface boiling curve along the
temperature measurement line at −1 ≤ x/d ≤ 5. The footprint of rotation
is seen as a cyclic variation of q′′ versus Tsur f ace in all contour plots, more
visible around the stagnation region of jet at −1 < x/d < 1. The result
reveals that shoulder of flux becomes visible not only at stagnation point,
but also around the stagnation region of water impinging jet
(−0.5 ≤ x/d ≤ 0.5) in experiments of multiple arrays with N > 1. The
local boiling curve in the upwash flow region (x/d = 4) of experiment
with 1-row jet array (Figure 23a) shows lower heat flux in
Tsur f ace > 200◦C. This is due to the fact that creation of WF flow and its
growth rate is relatively slower (caused by the energy balance between
liquid and solid on surface) with impingement of jets in 1-row array over
the hollow cylinder with Do/d = 24. The delay for WF growth can be
seen in the poor cooling area (3 ≤ x/d ≤ 5) in upwash flow zone for
Tsur f ace ≥ 400 before collision of WF flows of adjacent jets to increase the
local heat flux in this region. However, the result of experiments by 2-row
and 4-row in-line arrays in Figure 23 shows clearly the enhancement of
surface heat transfer over surface by covering A f with a greater number of
jets in the array. Passage of A f through a larger impinging zone in the
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2-row and 4-row arrays in each revolution increases the local heat flux
around the stagnation region gradually. The time for WF growth to reach
the upwash flow zone is reduced significantly, which explains significant
heat transfer enhancement in the upwash flow zone at onset of quenching.
The MHF in upwash flow zone is increased gradually by larger N which
shows the influence of impinging greater number of jets over the A f .

(a) (b)

(c) (d)

Figure 23: 3-D boiling curve in experiment with: (a) 1-row; (b) 2-row; (c) 4-row in-line; (d) 4-

row staggered array in experiments with Do/d = 24, ω = 50 rpm, Qj = 5.4 L/min and S/d = 8.

Subcooling was 75 K in 1-row and 2-row array and 80 K in 4-row arrays.

5.2 Boiling heat transfer characteristics
In the study of boiling heat transfer by multiple water impinging jets, it
is of interest to evaluate the heat transfer performance of multiple array
(q′′avg/ρwh f gUj) by two approaches which are described in the Section 4.2.3.
The result of first approach (Q j = constant) in Figure 24a presents only a
small increase of q′′avg/ρwh f gUj over A f with twice the size of N and thereby
twice the Qtotal in the 2-row array. Still further increase of N and Qtotal
has limited or no effect on the heat transfer performance in 4-row in-line
array. In contrast, the result of surface heat flux within the second approach
revealed that in the trade-off between smaller Q j of impinging jets in the
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array with larger N and extended wetted area over A f by multiple array
with larger N, q′′avg/ρwh f gUj is increased significantly (Figure 24a) when
Qtotal = 32.5 L/min.

(a) (b)

Figure 24: Effect of multiple array configuration on (a) heat transfer performance

(q′′
avg/ρw hfgUj ); (b) efficiency of impingement cooling (ε).

In more detailed analysis, impingement cooling efficiency (ε) defined
by equation 4.4 is implemented into the two approaches by comparing the
average heat transfer performance of multiple arrays of 2-row and 4-row
with the 1-row array configuration. In this manner, Figure 24b shows that
with constant Q j in the array, enhancement of the cooling efficiency is by
factor of 40% in 2-row compared to 1-row array. However, the efficiency
remains unchanged with two extra rows in the 4-row array and twice
Qtotal . This shows that enhancement of average heat transfer in 4-row
array is not proportional with increase of total flow rate in the array
compared to 2-row array and therefore increasing total flow rate over
surface does not always lead to increment of the cooling efficiency of the
multiple array. The analysis of results in the second approach reveals the
increase of impingement cooling efficiency is by a factor of 110% and
280% in 2-row and 4-row arrays respectively.

It may be concluded that there is a relation between size of array (N)
and jet flow rate in term of impingement cooling efficiency. The result of
investigation on two approaches shows quenching of rotary hollow
cylinder by array with larger N and substantially expanded cooling area
(Figure 21) over hollow cylinder in each revolution may increase the
efficiency of cooling. However, the cooling efficiency enhancement
depends on the jet flow rate in the array. Lower Q j with larger N in the
array improves both average and local cooling efficiency over the surface.
In contrast, relatively high Q j in the array with larger N suppresses the
enhancement of both average and local cooling efficiency significantly.
The higher total flow rate over A f increases risk of disturbing the jet flow
by adjacent jets in the array and creation of thick water film over the
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surface (plunging impinging configuration) that may reduce heat transfer
performance over surface, see Figure 3.

(a) (b)

(c)

Figure 25: Effect of multiple array configuration on surface heat transfer performance: (a) 1-

row; (b) 2-row (c) 4-row in-line array in experiments with Qj = 5.4 L/min, Do/d = 24, ω = 50

rpm and S/d = 8. Subcooling was 75 K in 1-row and 2-row array and 80 K in 4-row array.

Despite the investigation of boiling heat transfer with average heat
transfer performance and impingement cooling efficiency, cooling rate
variation in time is important as it is compared with desired cooling curve
in the CCT diagram of quenching to obtain proper material properties.
Figure 25 presents surface heat transfer performance of various quenching
experiments with 1-row, 2-row and 4-row array with constant Q j. The
large time delay to achieve MHF is noticeable in the 1-row array in
Figure 25a. The poor cooling in onset of boiling is compensated
significantly by 2-row array of nozzles (Figure 25b). In 4-row array
(Figure 25c), local maximum heat transfer is enhanced around stagnation
and upwash flow zone and the delay time to achieve maximum heat flux
almost vanishes caused by extended wetted area over A f . The heat transfer
performance q′′/ρwh f gUj drops significantly in a shorter time by larger N
in the array due to faster surface temperature drop in time. This is a proof
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of improvement of cooling in terms of quenching time duration. In study
of other curvature ratios, author observed very similar trend of heat
transfer variation over surface with various multiple arrays. However, the
time delay to enhance the heat flux over the surface was reduced gradually
by smaller Do/d caused by smaller solid thickness and A f . The result
shows a higher level of heat flux rate with smaller Do/d in quenching with
each multiple array configuration.

(a) (b)

(c) (d)

Figure 26: Comparison of multiple array configuration on cooling uniformity over quenching

surface: (a) in-line, ω = 10 rpm; (b) staggered, ω = 10 rpm; (c) in-line, ω = 50 rpm; (d)

staggered, ω = 50 rpm in experiment with Qj = 2.7 L/min, Do/d = 24, ΔTsub = 80 K and

S/d = 8.

In comparison of in-line and staggered configurations, investigation on
surface heat flux data reveals the significant effect of staggered array on
cooling uniformity in the onset of quenching in Figure 26. The absence of
water impinging jet at x/d = 4 in the in-line array (Figures 26a and 26c)
creates weak cooling area in the upwash flow zone in the onset of
experiment before the WF flows reach this zone. Result shows the time
duration until WF flows collide with each other is smaller with lower
rotation speed due to longer time of passage through wetted zone with
ω = 10 rpm than 50 rpm. In contrast, placement of one water jet in the
neighbor row at x/d = 4 in the staggered array (illustrated in Figure 19b)
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leads to better coverage of A f by impinging jets from onset of
impingement, resulting in significantly more uniform cooling heat flux
over the surface from onset of quenching along x−axis in Figure 26b and
26d. However, lower amount of jet impingement at x/d = 0 in each
revolution by staggered array reduces the MHF value at stagnation region
and corresponding time to MHF becomes larger. Since the time to
complete one revolution is longer with a smaller ω , the footprint of cyclic
cooling segment and temperature recovery in the unwetted zone in each
revolution is more highlighted by smaller ω . Figure 26a shows after first
revolution, WF flows collide with each other and create upwash flow zone
at x/d= 4 in ω = 10 rpm compared to many more revolutions needed in
experiment with ω = 50 rpm (Figure 26c).

The result in Figures 24 and 25 shows the relation between flow rate
and multiple array configuration from different perspectives which need to
be considered in optimization of the quenching technique. This is due to
significance of achieving desired impingement cooling setup by suitable
multiple array design and adequate water flow rate in the design of
quenching system in terms of sustainability and resource usage on
industrial scale.

Despite the importance of surface heat transfer characteristics,
investigation on local spatio-temporal temperature distribution is of
interest as well, which is presented in Figure 27. A time delay is observed
with impingement of 1-row array in Figure 27a which proves the low
captured surface heat flux in the boiling curve at xstg. This time delay is
projected into the solid by internal conduction heat transfer resulting in the
long time that inner surface of hollow cylinder experiences temperature
drop. The local surface heat flux in the stagnation point is enhanced and
shorter time delay is achieved by 2-row multiple array with twice Qtotal .
The isothermal lines in Figure 27b show clearly the greater penetration of
cooling heat flux in the r−axis at significantly shorter time which causes
onset of inner surface temperature drop earlier than experiment with 1-row
array. The fact that Qtotal in 4-row is twice the 2-row array explains the
enhancement of local surface heat flux in Figure 27c. However, further
down in the r−axis toward inner surface of hollow cylinder, enhancement
of heat transfer in the solid with 4-row array is not as highlighted as the
observed result in 2-row compared to 1-row array experiment.
Observation of result within the second approach shown slightly less heat
flux magnitude near the surface and larger time delay for heat flux to
penetrate. However, the depth of heat flux penetration within isothermal
lines was very similar compared to result of various multiple arrays in the
first approach. This characteristic is in agreement with heat transfer
performance and impingement cooling efficiency over the quenching
surface.
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(a) (b)

(c) (d)

Figure 27: Local spatio-temporal heat flux distribution at xstg in experiment with multiple array

of (a) 1-row ; (b) 2-row ; (c) 4-row in-line; (d) 4-row staggered in experiments with Do/d = 24,

ω = 50 rpm, Qj = 5.4 L/min and S/d = 8. Subcooling was 75 K in 1- and 2-row array and 80 K

in 4-row arrays.

5.3 Parametric study of quenching heat transfer
Besides the study of multiple arrays, jet flow rate and the array’s total flow
rate, effect of other parameters in the quenching process is vital as well.
This Section reports the result of parametric study on jet-to-jet spacing
(S/d), subcooling temperature (ΔTsub), jet-to-surface spacing (H/d),
rotation speed of hollow cylinder (ω), curvature ratio Do/d and solid
thickness. For clarity, the result of parametric study with 1-row array is
presented in this Section. However, author observed a similar trend of
variation of local and average modified Nusselt number Nu∗D
(equation 4.3) by jet-to-jet spacing, subcooling, jet-to-surface spacing and
rotation speed in the parametric study with 2-row multiple array.
Moreover in this Section, proposed heat transfer correlations for
area-averaged Nusselt number over A f and average and maximum local q′′
at stagnation point of impinging jet are presented for 4-row in-line and
staggered multiple arrays.
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5.3.1 Quenching parameters

Jet-to-jet spacing
The number of nozzles in the array over quenching surface depends on the
jet-to-jet spacing (S/d) in the array. Very large spacing between jets may
cause no collision of WF flows as adjacent jets are placed far away from
each other and each individual water impinging jet has no interfere with
other jets. However, in application of multiple array of jets, interaction
between WF flows is inevitable over the surface and spacing between jets
may influence boiling heat transfer. Figure 28 shows effect of jet-to-jet
spacing on the boiling heat transfer of hollow cylinder. The local Nu∗Dstg

remains almost unchanged in 4 ≤ S/d ≤ 10 in the array. This shows clearly
that adjacent jets have no significant effect on each other in the stagnation
zone in the studied range of S/d. However, larger S/d reduces the average
heat transfer (Nu∗D) slightly due to the fact that larger S/d creates wider
area with low cooling rate between stagnation regions of adjacent jets until
collision of WF flows and creation of upwash flow, which is discussed in
Figures 23a and 23b. This effect is minimized with smaller S/d and more
uniform heat transfer is obtained between adjacent stagnation regions of
jets.

Figure 28: Local and average Nu
∗
D affected by S/d in 1-row array. The value of other

parameters in experiments are according to the bold values in Table 6.

Jet-to-surface spacing
In application of free surface impingement, the water impinging jet is
impinged into the air medium. The water impinging jet velocity
approaching the surface (U) can be higher than the jet velocity outlet (Uj)
caused by force of gravity and the angular position of jet
(U =

√
U 2

j +2gHsin(θ)). Figure 29 reveals that the studied range of
H/d in this study has no significant influence on either local heat transfer
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at stagnation point of water impinging jet or average heat transfer over A f .
It should be noted this result is presented as the effect of H in the range of
1.5 ≤ H/d ≤ 7 in this study, which has little effect on increase of U in the
stagnation region of jet. However, much larger H value increases the
approaching jet velocity and may enhance surface heat flux [53].

Figure 29: Local and average Nu
∗
D affected by H/d in 1-row array. The value of other

parameters in experiments are according to the bold values in Table 6.

Subcooling

From the result of Nu∗Dstg in Figure 30 it is clearly evident that local heat
transfer at xstg is dependent on subcooling; the higher the subcooling, the
more pronounced the enhancement of Nu∗Dstg in the studied range
45 ≤ ΔTsub ≤ 85. In the result of surface heat flux, author observed that
the local heat flux in the stagnation region of water impinging jet is
increased drastically in a shorter time by higher subcooling. Surface heat
transfer from stagnation region toward upwash flow zone enhances
significantly in shorter time due to the fact that higher ΔTsub improves the
heat extraction potential by liquid in the contact with solid surface and
therefore WF begins to roll over earlier and expands over the surface faster
until it collides with the adjacent WF flow. The result of q′′ in the upwash
flow point shows that the heat extraction by discharge mechanism is
improved by higher subcooling. This explains the profound enhancement
of average surface heat transfer over A f with higher subcooling in
Figure 30. In a study of effect of ΔTsub on MHF, author compared the
result of studied multiple arrays within the first approach with predicted
CHF by correlation 2.4. The result shows under-prediction of MHF in all
the studied multiple array configurations.
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(a)

Figure 30: Average modified Nusselt number variation by ΔTsub in 1-row array. The value of

other parameters in experiments are according to bold values in Table 6.

Rotation speed
In application of quenching rotary hollow cylinder, rotation of test
specimen creates cyclic passage of surface into the impinging zone (wetted
zone) and the unwetted zone in downstream. This specific characteristic
was discussed in Section 5.1 and the cyclic footprint of cooling was
observed in the boiling curve in Figure 22. Lower rotational speed reduces
level of interaction between water impingement flow and moving solid
surface and offers longer time to pass the wetted and unwetted zone in
each rotation cycle. The less interactive WF flow and longer passage time
in the wetted zone on each revolution explain the enhancement of the local
and average heat transfer in Figure 31. In contrast, higher rotation speed
intensifies interaction between the WF flow and moving surface. The
cyclic variation of heat flux is decreased gradually by higher ω due to the
fact that passage through wetted and unwetted zone occurs in a shorter
time and this suppresses the cooling time in wetted zone as well as
temperature recovery in the unwetted zone. However, the number of
passages through wetted and unwetted zone is increased per minute by
higher ω and it means that surface experiences cooling with higher cyclic
frequency. This may compensate somehow the reduced heat transfer and
explains that the local and average Nusselt number in ω ≥ 30 rpm have
limited or no changes in Figure 31. One exception is the lower Nu∗Dstg at
ω = 50 rpm and Do/d = 19, the reason for which is unknown.

The cyclic variation of cooling heat flux in each revolution has
profound effect on the surface heat flux where the liquid-solid contact
occurs. However, Figure 32 proves that projection of the cyclic variation is
captured up to a certain spatial distance beneath the surface (Ro) and the
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rotation speed’s footprint vanishes in the internal heat conduction toward
the inner surface of hollow cylinder (Ri). In investigation of the internal
local heat flux distribution at stagnation point, less projection depth of the
cyclic footprint of q′′ in r−axis was observed with higher rotation speed of
hollow cylinder, which is related to the shorter cooling segment in the
wetted zone in each revolution by higher ω .

Figure 31: Average modified Nusselt number variation by ω in 1-row array. The value of other

parameters in experiments are according to bold values in Table 6.
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Figure 32: Spatio-temporal 3-D contour plot of heat flux at xstg in experiment with Q=5.4 L/min,

Do/d=12, ΔTsub=80 K, ω=10 rpm and 4-row in-line array.
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Curvature ratio and solid thickness
The curvature ratio of hollow cylinder is defined based on outer diameter
(Do) and jet diameter (d). Higher ratio of Do/d offers bigger cooling area
(A f ) and since Di is a function of Do in this study, larger Do increases
thickness of hollow cylinder. These result in higher initial stored energy
in a larger solid volume before onset of quenching a hollow cylinder with
larger Do/d.

The vapor formed in the liquid-solid contact creates a resistance for the
upcoming WF region that causes liquid to be splashed out to the unwetted
zone. The creation of this resistance is very complicated and an important
phenomenon in the quenching process. Among various causes, energy
balance criterion between solid and liquid might be the most dominant [2].
In the energy balance of the liquid-solid contact, higher energy supply
from thicker solid affects the energy balance and the WF flow growth
velocity is reduced [12]. As a consequence, lower rate of boiling heat

(a) (b) (c)

Figure 33: Effect of curvature ratio on heat flux distribution in radial axis of solid material: (a)

Do/d = 12; (b) Do/d = 19; (c) Do/d = 24 in experiment with ΔTsub = 80 K, Q = 10.9 L/min, ω
= 50 rpm and the in-line array configuration.

transfer was observed gradually by higher ratio of Do/d over the surface.
This can be seen in the result of Figure 33 which shows that the surface
heat flux obtained at xstg is reduced by larger curvature ratio gradually.
The penetration of cooling heat flux produced by surface boiling in the
solid is strongly dependent on curvature ratio and solid thickness due to
internal conduction heat transfer in radial and longitudinal axis of hollow
cylinder. The isothermal heat flux lines in Figure 33 show a proof that
cooling heat flux is penetrated faster in the solid material in hollow
cylinder with smaller Do/d. This causes the cooling heat flux to approach
the inner surface of hollow cylinder at Ri in a shorter time from onset of
quenching over surface. Therefore as expected total quenching time is
shortened significantly with smaller Do/d.

Initial wall superheat temperature (Tinitial) and angular position of
impinging jet (θ ) have been studied, the results of which are not presented
in this Section. However, it is of interest to mention that the result of initial
superheat temperature shows that higher MHF over surface and maximum
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cooling rate beneath the surface are obtained with Tinitial closer to Tl f .
Additionally, slightly higher average heat transfer was captured over
surface with smaller curvature ratio of hollow cylinder. As can be
expected, time delay to reach maximum heat flux is increased with higher
Tinitial due to lower cooling rate in film boiling regime caused by stable
vapor film between the liquid and solid. In the study of angular position of
jet (θ ), author observed distinct lower surface heat flux and cooling rate
beneath the surface at θ = 0◦ due to vertical position of wetting front over
moving surface and force of gravity on impinging flow. Impingement of
other angular positions (45, 90 and 135◦) increased the heat transfer rate
over the surface and cooling rate in the solid.

5.3.2 Boiling heat transfer correlations
The parametric study of 4-row multiple arrays in Table 8 in Section. 4.1.3
was implemented to propose local and area-averaged surface heat transfer
correlations.

Nusselt number
The regression analysis of average Nusselt number over A f based on
equation 4.2 and 4.8 constructed the following correlations for the in-line
and staggered multiple array,

NuD in−line
= 8.502×103 (

Uj

Us
)0.016 Ja−0.231 Re−0.335 (

σ
ρw(Do −d)U2

j
)−0.3,

(5.1)

and

NuD staggered
= 7.288×103 (

Uj

Us
)0.005 Ja−0.273 Re−0.257(

σ
ρw(Do −d)U2

j
)−0.26.

(5.2)

The comparison of NuD obtained by experiments and those predicted by
correlations 5.1 and 5.2 is presented in Figure 34 with drawn lines of
maximum deviations ±20%. The cover range of correlations is
12 ≤ Do/d ≤ 24, 50 ≤ ΔTsub ≤ 80 K, 10 ≤ ω ≤ 50 rpm and
2.7 ≤ Q ≤ 10.9 L/min. In terms of accuracy, the result shows 90% of
predicted NuD deviates within ±20% from experimental NuD in both
correlations. The physical properties in the correlations were evaluated at
water saturation temperature, except jet’s Reynolds number, which was
calculated based on the jet’s subcooling temperature properties.
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(a) (b)

Figure 34: Comparison between experimental and predicted Nu
D

in experiment with 4-row

array of nozzles: (a) In-line; (b) staggered array.

Maximum local heat flux

The proposed correlation of maximum heat flux (q′′
MHF

) at xstg based on the
Pi groups in Equation 4.11 becomes as follows, for the in-line array,

q′′
MHF

ρwh f gUj
= 2.19 (

Uj

Us
)0.141 Pe−0.542 (

σ
ρw(Do −d)U2

j
)0.247, (5.3)

and for the staggered array,

q′′
MHF

ρwh f gUj
= 0.808 (

Uj

Us
)0.175 Pe−0.484 (

σ
ρw(Do −d)U2

j
)0.227. (5.4)

The comparison of q′′
MHF

obtained experimentally and those calculated
with correlations in Figure 35 shows 93% and 87% of predictions deviate
within ±20% in equation 5.3 and 5.4 respectively. The validity range of
the correlations is 12 ≤ Do/d ≤ 24, 50 ≤ ΔTsub ≤ 80 K, 10 ≤ ω ≤ 50 rpm
and 2.7 ≤ Q ≤ 10.9 L/min.

Average local heat flux

In study of average local heat flux (q′′avg ) at stagnation point of water
impinging jet, the proposed correlations based on Equation 4.11 for the
4-row in-line and staggered multiple arrays are given as follows,

for the in-line array,

q′′avg

ρwh f gUj
= 0.065 (

Uj

Us
)−0.017 Pe−0.232 (

σ
ρw(D−d)U2

j
)0.262, (5.5)

and for staggered array,
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(a) (b)

Figure 35: Comparison between experimental and predicted local q′′
MHF

at xstg in experiment

with: (a) in-line; (b) staggered 4-row multiple array.

q′′avg

ρwh f gUj
= 0.012 (

Uj

Us
)0.005 Pe−0.081 (

σ
ρw(D−d)U2

j
)0.281. (5.6)

The analysis of regression in Figure 36 reveals 99% of calculated q′′
avg is

obtained within ±20% deviation from experiment in the correlation (5.5)
of in-line array and the accuracy of 93% of experiments within ±20%
deviation for staggered array in the correlation 5.6. The validity range of
the proposed correlation 5.5 and 5.6 is 12 ≤ Do/d ≤ 24, 50 ≤ ΔTsub ≤ 80
K, 10 ≤ ω ≤ 50 rpm and 2.7 ≤ Q ≤ 10.9 L/min.

(a) (b)

Figure 36: Comparison between experimental and predicted local q′′
avg

at xstg in experiment

with (a) in-line; (b) staggered 4-row multiple array.
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6 Conclusions

The aim of the present work was to provide a deep understanding of the
boiling heat transfer characteristics over the surface and inside the solid
material in applications of quenching rotary hollow cylinder with multiple
array of water impinging jets. This was accomplished by an advanced
experimental setup in combination with development of GMRES inverse
method for this quenching application.

The general conclusion is that parametric study based on recorded
temperature measurements and the inverse solution revealed several
important aspects related to the heat transfer characteristics and
hydrodynamics of boiling. Cooling rate calculated based on recorded
temperature beneath the surface shows effect of quenching parameters on
heat transfer near the surface. Furthermore, inverse solution technique
provided essential knowledge for the detailed study of heat transfer
characteristics. The developed inverse method was capable of predicting
surface temperature where boiling heat transfer occurs in liquid-solid
contact.

The analysis of local surface boiling curve revealed clear effect of
multiple array on the surface heat transfer characteristics. The cyclic
variation of surface temperature and heat flux due to rotation was captured
in the local boiling curve which gives rise to two distinct cooling segments
(wetted and unwetted zones) in each revolution. Higher local surface heat
flux was captured on stagnation region of water impinging jets (xstg) by
larger number of rows in the multiple array over the cooling area which is
due to surface experiencing a larger number of stagnation regions in each
cyclic rotation. Creation of wetting front flow and its growth rate over the
surface was captured in the surface heat flux data. The collision of wetting
front flow and creation of flow discharge mechanism in upwash flow zone
enhanced heat flux in spacing between adjacent jets significantly. The
emergence of shoulder of flux at stagnation region in transition boiling
regime was captured in arrays with N > 1. In experiments with 1-row
array, results shown that the shoulder of flux emerges on smaller curvature
ratio and begins to vanish with increase of curvature ratio.

The local and area-averaged heat transfer was studied with various
multiple arrays of water impinging jets used in the quenching experiments.
The focus of heat transfer analysis was on the relation between heat
transfer rate and water flow rate in the array. In this manner, two
approaches were applied in study of the multiple arrays: impinging jet
with constant flow rate and constant total flow rate in the array. Based on
these approaches, non-dimensional heat transfer performance was
analyzed to find the relation between area-averaged heat transfer rate and
impinging jet flow rate. Moreover, impingement cooling efficiency was
defined and compared to the enhancement of boiling heat transfer by
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larger N in the array with 1-row array. The result revealed that in the first
approach, increase of total flow rate impinging into the array by twice the
number of jets enhances quenching heat transfer in 2-row compared to
1-row array. However, this enhancement becomes significantly less
pronounced with twice the number of jets in 4-row compared to 2-row
array. In contrast, in the second approach, a higher number of jets in array
with constant total flow rate reduces the jet flow rate. This causes lower
local heat transfer which is compensated to some extent with extended
wetted zone over surface by larger number of rows in the array. Similar
heat transfer characteristics of the two approaches were observed in
spatio-temporal heat transfer distribution in the solid.

The thorough parametric study on the transient experiment of quenching
with 1-row and 2-row arrays revealed effect of various parameters on the
local surface heat transfer at stagnation point of impinging jet and surface
area-averaged heat transfer over hollow cylinder. Based on the result of
the parametric study, a series of parameters were selected to carry out a
secondary parametric study for various hollow cylinder curvature ratio with
4-row in-line and staggered arrays. The predicted result of surface heat
transfer obtained by inverse solution was used to propose correlation of
surface area-averaged Nusselt number and average and maximum local heat
flux at stagnation point in 4-row in-line and staggered arrays.
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7 Future work

The present study is aimed to provide detailed data of quenching hot
rotary hollow cylinder with multiple array of jets. The experimental
results may be valuable for the validation and development of
Computational fluid dynamics (CFD) codes that are used to predict
numerically the boiling phenomena over the surface of hollow cylinder
quenching by multiple arrays of jets. While the present work has provided
a detailed study of multiple arrays of water impinging jets on quenching
rotary hollow cylinder, there are several aspects that remain to be
investigated based on the outcome and limitations of this work.

In this study, pure water was used as fluid of impingement in the
quenching process as it is well-known as one of the most suitable
resources in regard to accessibility, ability to be reused and cost in
industrial scale. In many other cooling applications, water-based
nanofluids and surfactant additives have been shown to increase
performance in micro-channel cooling, pool boiling and spray cooling
techniques. Therefore, applying these additives in the impingement
technique by multiple array of jets may increase the cooling performance.

The jet-to-jet spacing in parametric study in the 4-row in-line and
staggered arrays was defined as constant based on result of 1- and 2-row
array experiments. However, to validate the proposed correlations for local
and area-averaged heat transfer of this study for wider range of jet-to-jet
spacing, additional quenching experiments need to be explored.

Although a wide range of diameters and thicknesses of hollow
cylinders are covered in this study, expanding the parametric study with
additional sizes and thicknesses will help to provide a better road map for
design engineers in industrial applications. This applies to size of jet
diameter, which was constant in this study and may have an influence on
boiling heat transfer and hydrodynamics of boiling in application of
multiple array of jets. One capability of multiple array of jets is to create
different cooling areas with various cooling performance. It would be of
interest to study this effect, for example by impinging different velocity
ratios between jets in the array and thereby capturing differences on
cooling performance over the quenching surface.

Visualization study of multiple arrays with various numbers of rows is
another interesting subject to be investigated to capture and measure the
WF flow velocity over the surface, study the upwash flow phenomena and
link the visualization study to the reported result of heat transfer in the
interaction zones.

The GMRES method used in this study has been shown to produce
good results when applied to ill-posed problems. It would also be of
interest to apply other inverse methods and regularization approaches
reported previously to examine their applicability and accuracy compared
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to the studied inverse problem in the quenching process. In the present
study, physical properties of material were assumed constant during
quenching experiment, which led to a linear inverse problem. However,
variation of physical properties may be considered in the inverse solution
that introduces non-linearity of inverse problem, which will require further
development of the numerical method.
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