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Abstract 

Accelerated cooling on the run-out table of a hot rolling mill is a key technology to tailor 

microstructure and properties of advanced steels. Thus, it is crucial to develop accurate heat 

transfer models in order to predict the temperature history of the steel plates on run-out tables. 

The present study describes a strategy to develop a mechanistic cooling model to simulate the 

temperature of the plate cooled by top water nozzles on a run-out table. Systematic experiments 

have been carried out on a pilot scale run-out table facility using two types of top nozzles: planar 

(curtain) and circular (axisymmetric) nozzles. Experimental results for cooling of stationary 

plates showed that the heat transfer rate depends strongly on the distance from the jet especially 

in the temperature range where the transition boiling regime occurs. Based on experimental 

results, a boiling curve model has been proposed that takes into account boiling heat transfer 

mechanisms and maps local boiling curves for cooling of stationary steel plates. The effects of 

water flow rate and water temperature on the heat extraction from the plate have been included in 

the model. 

Then, systematic experimental heat transfer studies were conducted to investigate the effect of 

plate speed on the heat transfer rate. It was found that the plate motion influences the heat 

transfer rate in the film boiling and transition boiling regimes; however, it does not have an 

effect on the heat flux in the nucleate boiling regime. Moreover, for the circular nozzle system, it 

was found that the nucleate boiling heat flux does not change with lateral distance. However, 

heat flux in the film boiling and transition boiling regimes decreases with increasing distance 

from the longitudinal centerline of the plate. In the next step, a cooling model was proposed by 

accounting for the boiling curves of single nozzle cooling for moving plates. Transient heat 

conduction within the plate was analyzed and surface heat flux and temperature histories were 
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predicted. The validity of the cooling model was examined with multiple nozzles experimental 

data from the literature. Very good agreement with experimental results has been obtained.   
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Chapter 1: Introduction 

 

 

1.1 TMCP (Thermo-Mechanical Controlled Process) steels 

Steel continues to be an important engineering material for the energy, manufacturing, and 

transportation sectors because of its attractive mechanical properties, versatility and low cost. In 

the production of conventionally hot-rolled steels, achieving the nominal dimension, i.e. 

thickness, width, and length, of the steel product (plate and strip) is the main goal of the hot 

rolling process. The desired final microstructure and properties are obtained using as a post heat 

treatment such as normalizing or tempering. 

However, the recent increase in the demand for hot rolled steel products to be used in more 

severe service conditions has led to the development of new advanced steel grades with fine 

grained ferritic and bainitic microstructures. The production of these complex microstructures in 

steels has promoted the development of technologies to control the phase transformations of 

steels in the hot rolling process. Thermo-mechanical controlled processing (TMCP) enables the 

control of microstructural evolution of steel by two main sub-processes. First, in the controlled 

rolling process, the evolution of austenite microstructure is controlled and the proper austenite 

microstructure is achieved. Next, in the accelerated cooling process, the phase transformation of 

austenite decomposition is controlled to achieve the desired final microstructure. The main 

cooling parameters affecting the microstructure are the cooling rate (CR) and the cooling stop 

temperature (ST) for plates or the coiling temperature (CT) for strips. The balanced combination 

of CR and ST/CT controls and engineers the microstructure for different TMCP steel grades 
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(Schwinn et al. 2011). The application of TMCP steels are in different industries such as 

pipelines, ship hulls, bridges, offshore structures, building construction, and cryogenic tanks 

(Nishioka and Ichikawa 2012). 

In production of steel plates, the main goal in terms of mechanical properties is to meet the 

requirements of higher strength and toughness. In conventionally hot-rolled plates, these 

mechanical properties are most often obtained by alloying. Despite the fact that proper alloying 

improves strength and toughness, it can decrease the weldability of the plate and increase the 

production cost. One of the main advantages of using TMCP is that steel producers can 

manufacture steel with the same strength as conventional steels with lower alloying additions. 

Therefore, weldability of steel plates can be improved by using TMCP (Nishioka and Ichikawa 

2012). 

 

1.2 Controlled accelerated cooling on the run-out table 

The microstructural evolution processes such as austenite decomposition and precipitation, are 

thermally driven and are consequently directly affected by the intensity of cooling employed in 

TMCP. Different cooling paths of the steel on the run-out table lead to different phase 

transformation products such as ferrite, pearlite, bainite, and/or martensite (figure 1.1). Cooling 

conditions also have significant effects on the residual stress distribution and, hence, the flatness 

of the plate. For the end-user of the plate, the flatness of the plate is an important factor. A non-

flat plate or a plate with residual stresses has a negative effect on the post-processes like bending, 

laser cutting, and welding operations (Carlestam 2011). In order to efficiently apply novel 

cooling technologies to achieve the desired microstructures as well as proper flatness, it is crucial 
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to develop accurate heat transfer models to predict the temperature profiles during cooling of 

steel. 

In plate mills, controlled cooling is classified as: ACC (Accelerated cooling), Heavy ACC (ACC 

with increased cooling rate), DQST (direct quenching and self tempering) and DQ (direct 

quenching to room temperature) (Schwinn et al. 2011). During accelerated cooling, water jets 

impinge on the surface of the steel while the steel is moving on the run-out table (ROT). There 

are three conventional types of cooling systems used on the run-out table: curtain cooling 

system, laminar cooling system, and spray cooling system (figure 1.2). In curtain cooling 

systems, water exits from a long planar nozzle. The water sheet coming from this type of nozzle 

provides a uniform cooling across the width of the plate. In laminar cooling systems, the steel is 

cooled with water jets impinging from circular nozzles. To provide sufficient cooling capacity as 

well as uniform cooling conditions, several circular nozzles are placed in one jet-line (a row of 

nozzles). In spray cooling systems, water is sprayed on the steel surface, typically covering a 

large area. Generally, curtain and laminar cooling systems provide higher heat extraction rates 

than the spray system. Besides the conventional cooling systems, recently some new cooling 

systems have been developed in order to provide a larger range of possible thermal treatments in 

hot rolling mills.  For example, the MULPIC (Multi-Purpose Interrupted Cooling) process was 

developed based on utilizing circular jets of water under high pressure (called Water Pillow 

Cooling) (Schutz et al. 2001). The aim of this system is to cool the hot rolled steel quickly to the 

desired stop temperature (for plates) or coiling temperature (for strips). 
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Figure 1.1 Schematic of hot rolling mill of steel plates and strips. The schematic plot shows the variation of 

temperature vs. time and its effect on the phase transformation of austenite decomposition. A: austenite, F: 

ferrite, P: pearlite, B: bainite, M: martensite.   

 

 

Figure 1.2 (a) curtain cooling system (planar jet); (b) laminar cooling system (circular jet); (c) spray cooling 

system (spray jet). 
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1.3 Heat transfer mechanism on the run-out table 

Since the temperature of the steel on the run-out table is higher than the boiling temperature of 

the water impinging on the surface, the dominant mode of heat transfer is jet impingement 

boiling. The latent heat of evaporation and high specific heat capacity of water allow high rates 

of heat extraction from the hot steel during cooling.  

The boiling curve is the most descriptive representation of surface heat transfer changes during 

cooling of a hot solid by a liquid. The boiling curve presents heat flux changes with respect to 

the surface temperature of the solid. This curve is shown qualitatively in figure 1.3 for pool 

boiling. Pool boiling occurs when a hot surface is submerged in a pool of liquid, whereas forced 

flow boiling refers to the condition in which liquid flows over the surface (Dhir 1998, Tong and 

Tang 1997). Although the boiling heat transfer observed during run-out table cooling is 

categorized as forced flow boiling (Wolf et al. 1993), a pool boiling curve offers the fundamental 

groundwork for understanding boiling heat transfer in general. Four main regimes occur during 

pool boiling: single-phase convection (natural convection), nucleate boiling, transition boiling, 

and film boiling (Dhir 1998, Wolf et al. 1993, Tong and Tang 1997). 

At low temperatures (below saturation temperature), the water is heated by natural convection. 

This regime is single-phase convection since no vapor forms and no boiling occurs. At a 

temperature slightly above the saturation temperature, isolated vapor bubbles begin to form on 

the surface. This temperature is shown as ONB (onset of nucleate boiling) in figure 1.3 and this 

boiling regime is called partial nucleate boiling. Partial nucleate boiling is characterized by a 

dynamic formation, growth and collapse of isolated vapor bubbles on the surface. The latent heat 

of evaporation and also the induced agitation due to the dynamics of bubbles increase the surface 
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heat flux. With a further increase in temperature the bubble population increases leading to the 

transition from partial nucleate boiling to fully developed nucleate boiling. It has been observed 

that in this mode, isolated bubbles begin to merge in the vertical direction and the vapor leaves 

the surface in the form of jets. Bubbles also merge in the horizontal direction forming occasional 

vapor patches. However, as the population of the bubbles further increases, the more frequent 

vapor patches obstruct the path of incoming liquid to the surface thereby decreasing the heat 

transfer rate. Due to this fact, a maximum in the heat flux curve appears, termed the critical heat 

flux (CHF). The maximum or CHF represents the upper limit of nucleate boiling heat flux and 

the termination of efficient cooling conditions on the surface (Dhir 1998). 

After the CHF point, the surface is covered alternately either by a vapor blanket or a liquid layer. 

In this regime, called transition boiling, vapor begins to cover larger portions of the surface due 

to the high evaporation rate. Since the thermal conductivity of the vapor is much lower than that 

of the water, the vapor acts as an insulating layer and decreases the heat transfer rate from the 

surface. Hence, in this regime the heat flux decreases with increasing surface temperature until 

the entire affected surface is covered by a blanket of vapor. At this point, liquid no longer wets 

the surface of the solid and a minimum heat flux (MHF) is reached in transition boiling region, 

which is the “Leidenfrost” point. The condition after the stable vapor blanket has formed is 

referred to as film boiling. In film boiling, heat must be conducted mainly through the vapor 

blanket before it reaches the liquid, until radiation becomes the dominant mechanism at higher 

surface temperatures. 

Despite significant effort to simulate accelerated cooling, it is challenging to accurately 

incorporate fundamental boiling mechanisms into the transient heat transfer models for the run-

out table. This is due to the fact that different boiling regimes are simultaneously occurring at 
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different locations on the surface of the steel during jet impingement cooling. The cooling 

process is further complicated by the dependency of heat transfer regimes on process parameters 

such as nozzle geometry, water flow rate and water temperature. Moreover, on the run-out table, 

jet impingement cooling involves surface motion and interaction between neighboring water jets 

(Zumbrunnen et al. 1989, Filipovic et al. 1994b, Timm et al. 2002). 

 

 

Figure 1.3 Typical pool boiling curve, showing qualitatively the dependence of the surface heat flux (q) on the 

surface temperature (Tsurface). 

 

1.4 Background of UBC ROT research work 

The production of more conventional steels requires controlled cooling from a high temperature 

in the range of 800 - 1000°C to a temperature around 600°C. However, to obtain complex multi-

phase microstructures in some advanced high strength steels knowledge on controlled cooling to 
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lower temperatures ranges is essential. In order to study the thermal behavior of steel plates at 

the low temperature range, extensive experimental research work has been done recently using a 

pilot scale run-out table facility at the University of British Columbia (UBC) (Zhang 2004, 

Chester 2006, Chan 2007, Jondhale 2007, Franco 2008). The effect of various parameters, 

including nozzle configuration, plate speed, and water flow rate, on the subsequent heat transfer 

rate has been investigated. The versatile design of the facility allows for simulating the cooling 

process of the steel plates in a condition close to the industrial scale. Results of these 

experiments form a database for modeling the heat transfer during run-out table cooling. 

The present research work attempts to develop a cooling model for top water cooling by 

conducting systematic experimental studies on the pilot scale run-out table and considering the 

boiling heat transfer mechanisms. In order to achieve this goal, first, a boiling curve model needs 

to be developed to map the local boiling curves for different positions on the stationary plate 

surface. Then, the effect of plate motion is required to be incorporated into the boiling curves. 

Finally, a cooling model is developed for simulating the temperature of a moving steel plate. The 

research work aims to provide a predictive tool in order to control more accurately the 

temperature on the run-out able and thus improving the metallurgical properties of the steel 

product. 
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Chapter 2:  Literature review 

 

 

2.1  Jet impingement hydrodynamics 

Water impinging as a jet onto a solid surface occurs in five different configurations, i.e. free-

surface, plunging, submerged, confined, and wall jets (Wolf et al. 1993). However, on a run-out 

table in a hot rolling mill, only free-surface and plunging jets are observed (figure 2.1).  

In free-surface impingement, the liquid jet impinges on a surface on which there is not a pool of 

liquid covering the surface. However, in the plunging jet, the water impinges on pre-existing 

water that has accumulated on the surface of the steel. The water depth on the surface is less than 

the nozzle to surface spacing. Plunging jets are commonly encountered in strip and plate mills 

(Cho et al. 2008). Intuitively, an existing water layer may decrease forced-convective effects of 

jet impingement and consequently, cooling efficiency of jets. The current study concentrates on 

free-surface jet impingement cooling.  

 

 

Figure 2.1 Schematic of water impinging as a jet onto a surface (a) the free-surface and (b) plunging jets. 
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In a free-surface impingement type cooling, upon impinging, the liquid changes direction to 

traverse along the surface. Nozzle to surface spacing (Hn) can influence the velocity and the size 

of the water jet just before impinging on the surface. The Bernoulli equation is used to calculate 

the jet impingement velocity Vji (Jeffrey 2001): 

       
       

   
           (2.1)  

where Vj is the jet velocity at the nozzle exit and g is the gravitational acceleration. The flow of 

the liquid can be arbitrarily divided into two zones, the impingement zone characterized by a 

sharp increase in the streamwise velocity, and a parallel flow zone with a more gradual change of 

streamwise velocity. Figure 2.2 depicts the streamwise velocity (ul) for both planar and circular 

configurations. In both types of water jets, the streamwise velocity is zero at the stagnation point 

and increases to the jet impingement velocity Vji. The hydrodynamics of planar and circular jets 

differ in the parallel flow region. This is because the water velocity in the parallel flow zone of 

circular jets decreases, whereas the water velocity for the planar jet does not decrease (Webb and 

Ma 1995). 
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(a) (b) 

Figure 2.2 Schematic of free surface jet impingement and profile of liquid velocity parallel to the surface: (a) 

planar jets, (b) circular jets.   

 

For the single-phase heat transfer, the local Nusselt number (
k

dh
Nu  ) at stagnation point has 

been found as a function of Prandtl number (
k

c p
Pr ) and Reynolds number (



 dV
Re ) 

(Lienhard 2006):  

  nm

stag cNu RePr.            (2.2) 
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where c, m, and n are constants. h is convective heat transfer coefficient, k is the conductivity of 

the liquid, cp is specific heat capacity of liquid, µ is dynamic viscosity of the liquid, and ρ is 

density of the liquid. V is the water jet velocity and d is nozzle diameter. 

In experiments conducted by Ochi et al. (1984) the impingement zone extends to approximately 

1.28 times the circular jet diameter. However, for planar jets, Zumbrunnen et al. (1992) found the 

jet impingement zone extends to 1.75 times the jet width. 

The hydrodynamics of circular water jet impingement on moving cold plates was studied by 

Seraj (2011). The effect of water flow rate (10-45 L/min) and plate speed (0.3-1.5 m/s) were 

studied experimentally and numerically. It has been shown that an increase in water flow rate 

increases the size of the upstream region. Figure 2.3 shows the upstream and downstream regions 

for a jet impinging from a circular nozzle on a moving plate. A higher plate speed results in a 

smaller upstream region. The effect of moving surfaces on water flow interactions between two 

neighboring jets in one jet line was also investigated. Experimental results showed that 

decreasing water flow rate or increasing plate speed would decrease the severity of interaction 

and therefore decrease the splashing at the mid distance between the two jets. 

Fujimoto et al. (2011) studied the flow characteristics of a single circular water jet on a moving 

surface. They also investigated the influence of a preexisting water layer which flows toward the 

impinging jet on the moving surface. They presented a correlation showing that if the velocity of 

the preexisting water film exceeds a critical value the upstream zone of the impinging jet 

vanishes. In this case, the flow was observed to become turbulent (unsteady) in both upstream 

and downstream regions. Gradeck et al. (2006) studied an impinging jet on a moving surface for 

various jet and surface velocities as well as for various nozzle diameters and height. They also 

investigated the effect of process parameters on the position of hydraulic jump. At the hydraulic 
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jump, the rapidly flowing water is abruptly slowed and increases in height. The position of the 

jump has been experimentally measured. Then, a power relation was derived for calculating the 

position of the jump with respect to the impinging point of the jet. 

 

Figure 2.3 Schematic of downstream and upstream regions on the surface of a moving plate. 

 

2.2 Jet impingement boiling heat transfer 

2.2.1 Jet impingement boiling of stationary plates 

Table 2.1 gives an overview of the processing parameters such as jet type, nozzle size, nozzle to 

plate spacing, plate thickness, water temperature, and water jet velocity for the experimental 

studies that will be discussed in this section. Jet impingement boiling has been studied in two 

conditions: steady-state and transient (quenching) state. In steady-state conditions either of the 

surface heat flux or the surface temperature is controlled during jet impingement cooling, 

whereas in transient conditions, the plate is first heated to a desired temperature and then 

exposed to the water jet. 

zy
x

nozzle
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According to table 2.1, most researchers have used carbon steel, stainless steel, copper or nickel 

for their experimental heat transfer studies. These experimental studies form the basis for the 

development of heat flux correlations of different boiling regimes which are discussed in more 

detail in the subsequent sections.    
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Table 2.1 Experimental condition for citied works in section 2.2.1 (values that have not been reported are shown by “-“) 

Authors Steady state 

/Transient 

Jet type Nozzle 

width or 

diameter 

Nozzle-to-

surface 

spacing 

Plate 

material 

Thickness of 

plate 

Water 

temperature 

Jet velocity 

or flow rate 

Measurement 

positions 

Hall et al. (2001) Transient Circular, top jet 5.1mm 56.1mm Copper Cylindrical block 25°C 2-4m/s Radial 

Hammad et al. (2004)  Transient 

 

Circular, bottom jet  - - Copper, 

brass, steel 

Cylindrical block 

(59mm height) 

 20-95°C 3-15 m/s Radial 

Ishigai et al. (1978) Steady-state/ 
transient 

Planar, top jet 6.2mm 15 mm Stainless 
steel 

 - 45-95°C 1-3.2 m/s Stagnation 

Islam et al. (2008) Transient Circular, bottom jet 2mm 45mm Steel, brass 5.9mm 20-95°C 3-15 m/s Radial 

Kokado et al. (1984) Transient Circular 10mm 200mm Stainless 
steel 

 10mm 20°C 1-7 L/min Radial 

Liu and Wang (2001) Transient Circular, top jet 10mm 10mm Stainless 

steel 

2mm 20-95°C 1, 2, 3 m/s Stagnation 

Miyasaka et al. 1980 Steady-state Planar, bottom jet 10mm  - Platinum 15mm 15°C 1.1-15.3 m/s Stagnation 

Monde and Katto (1978) Transient Circular, top and 

bottom jets 

2, 2.5 mm  - Copper  - 70-97°C 3.9-26 m/s Stagnation 

Monde et. al (1980) and 

Monde and Inoue (1991)  

Steady-state Circular, top (2-4 

jets) 

2,2.1mm  - Copper  - ~100°C 2.5-15.1m/s Stagnation 

Monde and Mitsutake 

(1996) 

Steady-state Two and four 

circular jets 

2mm  - Stainless 

steel 

0.3mm 20-100°C  5-25m/s Stagnation 

Mozumder et al. (2005) Transient  Circular, bottom jet  2mm  44 mm Copper, 

brass, steel 

Cylindrical block  20-95°C 3 - 15 m/s Radial 

Mozumder et al. (2007) Transient Circular, bottom jet 2mm  44 mm Copper, 

brass, steel 

Cylindrical block 20-95°C 3 - 15 m/s Radial 

Pan and Webb (1995) Steady-state Circular, multiple 

bottom jets 

1,2,3mm nozzle-to-

plate / nozzle 

diameter: 2, 
5 

Stainless 

steel 

0.025mm  - Re: 5000-

20000 

Radial 

Prodanovic and Wells 

(2006) 

Transient Circular, top jet 19mm 150cm Carbon steel 7 mm 30-95°C 15-45 L/min Radial 

Robidou et al. 2002 Steady-state Planar, top jet 1mm 3 - 10 mm Copper with 
a layer of 

nickel 

Copper: 5mm, 
Nickel: 0.5mm 

83-93°C 0.6-0.8 m/s Longitudinal 

Slayzak et al. (1994a)   Steady-state 

(single phase) 

 Two planar jets  5.1mm  -  Ni-Cr-W-

Mo 

 0.66mm  30°C  2.1-4.5m/s  Longitudinal 

Slayzak et al. (1994b)   Steady-state 
(single phase) 

 Two circular jets  4.9mm  89.7mm  Ni-Cr-W-
Mo 

 0.66mm  30°C  2.1-4.5m/s  Longitudinal 
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2.2.1.1 Film boiling 

Although heat is more effectively removed by mechanisms of nucleate and transition boiling, at 

high temperatures film boiling may dominate a large area of the steel surface. Hence, a reliable 

model for this boiling mechanism is needed to predict the strip or plate temperature accurately on 

the run-out table.   

For the film boiling regime in the stagnation zone, Liu and Wang (2001) argued that surface heat 

flux supplies the evaporation heat flux of liquid, the convection heat flux of subcooled liquid, 

and the radiative heat flux in the vapor layer. In the case of low water temperature, the 

convective heat transfer term is much larger than the other terms; therefore, by ignoring the 

evaporation and radiation terms, a theoretical value of the film boiling heat flux (qFB) has been 

estimated as: 

2121

6121
2

/

sat

sub

/

l

v/

l

/

l

lsat

FB
l,d

T

T

k

k
PrRe

kT

dq
Nu 



























      (2.3) 

where kv and kl are thermal conductivities of vapor and liquid (W/m°C), respectively. ∆Tsat is the 

surface superheat which is the difference between the surface temperature and saturation 

temperature (boiling temperature of water). In the above equation ∆Tsub, which is called 

subcooling, is the difference between liquid temperature and saturation temperature. Liu and 

Wang reported that the discrepancy between the predicted film boiling heat flux and the 

experimental results increases with increasing the water subcooling. They suggested to adjust the 

constant (using 2 instead of   ) for the above theoretical equation. Previously, Ma et al. (1993) 

found correlations for stagnation and parallel flow zones to predict film boiling heat flux in the 

case of high liquid subcooling: 
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  (in parallel flow zone) (2.5) 

In order to obtain a good agreement with experimental data, they proposed to use a correction 

factor of 2.3 for the above theoretical equations. Ishigai et al. (1978) found that in film boiling, 

the heat removed from the surface increases by increasing the velocity of the water jet. Filipovic 

et al. (1995b) measured the effect of jet velocity and subcooling on the local convection 

coefficient for forced, subcooled film boiling with a preheated specimen exposed to a wall jet on 

its top surface. It was determined that the decrease in local heat transfer coefficient in the film 

boiling region with increasing distance from the wetted zone is due to the combined effect of 

two-phase (vapor and liquid) boundary layer development and also the decrease in local 

subcooling associated with increase in the bulk water temperature (Filipovic et al. 1995a). 

Moreover, it was found that increases in subcooling and flow velocity cause a reduction in the 

thickness of the vapor layer and consequently an increase in the convection coefficient (Filipovic 

et al. 1995b).  

 

2.2.1.2 Wetting and minimum heat flux 

Wetting is the ability of a liquid to contact a large portion of the hot surface. Knowledge of the 

wetting temperature and heat flux is important to characterize boiling regimes in jet impingement 

cooling processes (Nelson 1986). Ueda et al. (1983) defined the wetting point as the point where 

the heat flux begins rising sharply with decreasing surface superheat. Before wetting occurs, film 

boiling is the dominant boiling mechanism, and the heat flux value is comparatively low. 
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However, after the liquid wets the surface, nucleate boiling is the dominant heat transfer 

mechanism and consequently, heat flux increases rapidly. 

Ishigai et al. (1978) compared the boiling curve for transient planar water jet cooling with visual 

observations in order to study the liquid-solid contact. Close to the minimum heat flux point in 

the boiling curve, the stable vapor film is broken and the jet touches the surface. In the case of 

high subcooling, the vapor interface looks white, probably due to the frequent and instantaneous 

liquid-solid contact. As the surface temperature decreases the heat flux increases and the wetted 

zone expands across the entire surface. Moreover, Ishigai et al. (1978) studied the effect of 

impinging jet velocity on the minimum heat flux (MHF) point. The following correlations have 

been proposed for planar and circular water jets, respectively: 

  607.04 527.01104.5 jisubMHF VTq       (planar jets)  (2.6) 

   828.05 /383.011018.3 jjisubMHF dVTq      (circular jets)  (2.7) 

where qMHF is in W/m
2
, Vji is in m/s and ∆Tsub is in °C. The jet impingement velocity has a more 

significant effect on minimum heat flux for circular jets than for planar jets. According to these 

equations, for both types of jets, the minimum heat flux has a linear relationship with the degree 

of subcooling. Also, it was found that if subcooling and jet velocity are high enough, the 

minimum heat flux point is not observed at the stagnation point, despite surface temperatures as 

large as 1000˚C.  

Kokado et al. (1984) studied the influence of subcooling on the occurrence of film boiling for 

circular jets. Their results show that wetting temperature of the surface decreases linearly, as the 

water temperature approaches to saturation, i.e. 100˚C. However, they reported that for water 
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temperatures below 68˚C the linear relation is no longer valid since the wetting phenomena occur 

as soon as the water impinges on the plate. 

Liu (2003) proposed a correlation for calculating the Leidenfrost temperature in the stagnation 

zone of a circular jet. He assumed that the shear stress at the vapor-liquid interface in the whole 

stagnation zone is zero at the MHF condition. The superheat of the MHF point was then found to 

be linearly dependent on the water subcooling: 

v

l

v

l
lsubsatMHF

k

k
TT



3/1

, Pr14
        (2.8)

 

where k is thermal conductivity and µ is viscosity of liquid (l) and vapor (v), respectively. 

Filipovic et al. (1995a) showed that the minimum heat flux temperature decreases monotonically 

with increasing distance from stagnation point. However, Hall et al. (2001) demonstrated that 

initially the temperature increases with increasing streamwise location while the liquid is being 

deflected from the surface at the boiling front. Then, at a sufficient distance downstream from 

the stagnation point, the liquid will no longer be deflected and will flow across a vapor blanket in 

a film boiling region that extends over the remaining non-wetted portion of the surface. From 

this distance, the minimum film boiling temperature will then decrease with increasing radius 

due to the increase in water temperature and decrease in fluid momentum.  

A research group in Saga University, Japan, conducted several experimental studies on wetting 

propagation during transient cooling of an upward circular water jet which hits a bottom surface 

(Mozumder et al. 2005, 2006, 2007, Hammad et al. 2004, and Islam et al. 2008). Mozumder et 

al. (2005) investigated the delay of wetting propagation by defining a resident time as the time 

from when the jet first strikes the surface until the wetting front starts moving. They observed 

that when the wetting zone starts to expand, a sharp drop in surface temperature happens. There 
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is not any limitation for the resident time as it can be from fractions of a second to over 15 

minutes depending on the experimental condition (Mozumder et al. 2007). It has been reported 

that the size of the initially wetted zone is different for different materials; for instance it is close 

to the size of the nozzle for steels. 

According to the observation of Hammad et al. (2004), in the resident time period a vapor layer 

prevents water from contacting the surface and the mechanism of heat transfer is film boiling. 

Islam et al. (2008) studied the flow behavior on a hot bottom surface preheated to 500-600˚C. 

They came up with different types of flow patterns such as splashed droplets, conical liquid, etc. 

Predicting flow patterns is still limited as two complex phenomenons have to be combined, i.e. 

jet impingement fluid flow and boiling heat transfer.     

Prodanovic and Wells (2006) studied the size of the wetted region and propagation of the wetting 

front for transient cooling of a steel plate with initial temperature of 860˚C. According to their 

observations, first an initial circular wetted region of nearly constant diameter is formed. The 

propagation of this zone is triggered by penetration of the jet through an apparent vapor layer 

covering the initial wetting zone. They suggested that outside of the wetted zone, a stable vapor 

layer is formed which deflects the stream of the water. 

A simplified analytical model for the prediction of the Leidenfrost point at the stagnation zone 

was proposed by Karwa et al. (2011). Similar to Liu (2003), they assumed that the shear stress at 

the vapor-liquid interface in the whole stagnation zone is zero at the Leidenfrost condition. They 

compared the model prediction with the available literature data for planar jet cooling and 

subcooling in the range of 7 to 35°C. The comparison showed that the model underpredicts the 

heat flux of Leidenfrost by 5-47% and the Leidenfrost temperature by 40-70%. 
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2.2.1.3 Transition boiling 

The transition boiling regime represents a condition where a stable vapor layer cannot be 

maintained and collapses intermittently. The regime is considered to be essentially a mixture of 

nucleate boiling and film boiling regimes (Rohsenow 1952, Berenson 1962). This boiling regime 

is demarcated by the maximum and the minimum heat flux points in the heat flux vs. superheat 

curve. In pool boiling, it is characterized by a reduction in surface heat flux with an increase in 

surface superheat. Based on the transition boiling mechanism proposed by Berenson (1962), 

many researchers (Kao and Weisman 1985, Kalinin et al. 1987, Pan et al. 1989, Pan and Ma 

1992) assume a dual-phase boiling combination model to describe the entire transition heat 

transfer regime mathematically: 

)1( FqFqq svslTB  
            (2.9) 

Here F is the fraction of the area in contact with the liquid, and ql-s and qv-s are the heat fluxes for 

the liquid-solid and vapor-solid contacts, respectively. Ragheb and Cheng (1979) and Nishio and 

Auracher (1999) replaced the liquid-solid and vapor-solid heat flux terms in the above equation 

with the maximum heat flux (CHF) and minimum heat flux (MHF), respectively. An 

approximation for F is to assume a linear relationship between the two points of CHF and MHF 

in a log/log-plot of the pool boiling curve.  

In order to model heat transfer rate in the transition boiling regime, some researchers (Pan and 

Ma 1992, Shoji 1992, Hernandez et al. 1995) used the concept of macrolayer evaporation 

mechanism which was extended to the transition boiling regime. Filipovic et al. (1995a) reported 

that in the transition boiling region a very thin superheated liquid layer, which is termed 

macrolayer, exists between the stable vapor layer and solid. It has been observed that the region 

is bounded by positions of critical heat flux and wetting front (figure 2.4). In case of flow 
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boiling, where the fluid is not stagnant, F has been related to the length of macrolayer in the flow 

direction.  In this case the liquid-solid heat flux term in equation 2.11 can be replaced with the 

value of the heat flux due to macrolayer evaporation (Pan et al. 1989). 

 

 

Figure 2.4 Schematic of the positions of different flow boiling regimes on the hot surface (modified from 

Filipovic et al. 1995a). 

 

Some experiments have shown a specific trend of the jet impingement boiling curve in the 

transition boiling region which is called shoulder of heat flux (Ishigai et al. 1978, Ochi et al. 

1984, Robidou et al. 2002, 2003). This region is characterized by a constant heat flux over a 

wide range of surface temperature in the transition boiling regime. Ishigai et al. (1978) 

investigated the effect of water subcooling on heat flux for transient planar water jet cooling. The 

shoulder of heat flux appears in the transition region of the boiling curve when the subcooling is 

higher than 25˚C. However, Robidou et al. (2002) reported the existence of the shoulder even for 

subcooling as low as 7˚C in the steady-state boiling curve. Moreover, Ishigai et al. (1978) found 

that the width of the shoulder increases by decreasing water temperature and increasing jet 

velocity.  

According to the observation of Robidou et al. (2002, 2003) for steady-state conditions, the heat 

flux sharply increases at the minimum heat flux (MHF) point but then it remains almost constant 



23 

 

in the shoulder region with a relatively high heat flux value (figure 2.5). This phenomenon can 

be related to a better wetting in the transition regime due to the breakup of vapor patches into 

many smaller patches, which causes high heat transfer. In some studies, a minimum in the heat 

flux curve which is called “first minimum” has been observed (Robidou et al. 2002, 2003) with 

further decrease in temperature. The existence of this point, however, has not been reported by 

Ishigai et al. (1978), Miyasaka et al. (1980), and Ochi et al. (1984). Then, with a further decrease 

in surface temperature the heat flux level rises again and reaches the critical heat flux point.  

 

Figure 2.5 Local boiling curves; experimental condition: steady-state, ∆Tsub=16 ˚C, Vn=0.8 m/s, Hn=6mm 

(Robidou et al. 2002). 

 

The work of Seiler-Marie et al. (2004) remains the only attempt in the literature to develop a 

physically based model for the shoulder heat flux. Considering the experimental data of Robidou 

et al. (2002), the shoulder heat flux was related to the presence of periodic bubble oscillation at 

the surface due to the instability at the vapor/liquid layer interface. Two sources for creating the 

instability at the vapor/liquid interface were considered: pressure due to the presence of the 
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heavier phase (liquid) on the lighter phase (vapor) and pressure due the jet impingement on the 

surface. The Rayleigh-Taylor instability was used to determine the critical wavelength of the 

liquid/vapor interface. It has been assumed that the vapor patch diameter cannot be greater than 

the Rayleigh-Taylor critical wavelength. Thus, at each oscillation when the vapor patch diameter 

exceeds the critical diameter, the vapor patch breaks up into smaller patches. As a result, water 

spreads on the hot surface and its temperature increases rapidly to the boiling temperature. 

Finally, it is displaced into the bulk flow by the growth of bubbles.  The shoulder heat flux model 

of Seiler-Marie et al. (2004) is applicable to the stagnation point of jet impingement:  
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where ρl and ρv are density (kg/m
3
) of liquid and vapor, respectively. σ, cp,l, and d are surface 

tension (N/m), liquid specific heat (J/kg°C), and nozzle diameter (m), respectively. The constant 

of the above equation was found to be 0.15 after adjusting the model prediction with the 

experimental data of Robidou et al. (2002). 

 

2.2.1.4 Critical heat flux 

The critical heat flux is the point of transition between nucleate boiling and transition boiling 

regimes. Due to the importance of controlled cooling operations and also the high efficiency of 

cooling at this point, several researchers have performed experiments in order to find a 

correlation to predict the critical heat flux with respect to different parameters such as jet 

velocity, subcooling, etc.  
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Miyasaka et al. (1980) found a relationship between the critical heat flux in jet impingement 

boiling at the stagnation point and jet velocity. They defined the critical heat flux as the point in 

which the heat flux data deviates from nucleate boiling correlation (DNB): 

 38.0

,, 86.01 jpoolsubDNBDNB Vqq          (2.11) 

where Vj is in m/s. Here qDNB,sub,pool is the critical heat flux for subcooled pool boiling in which 

the body of the liquid water as a whole is essentially at rest. Monde and Inoue (1991) proposed a 

generalized correlation using existing experimental data for saturated liquid cooling in the 

literature: 
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where hfg, d and D are latent heat of evaporation (J/kg), jet diameter (m), and hot surface 

diameter (m), respectively. According to the review of Wolf et al. (1993), most of the literature 

demonstrates the critical heat flux to vary approximately with Vj
1/3

 at the stagnation point. 

For an upward circular jet, Hammad et al. (2004) found that with the movement of the wetting 

front, the position of the maximum surface heat flux also moves in the radial direction while the 

value of the maximum heat flux decreases during propagation of the wetting front. Hall et al. 

(2001) reported the same trend for downward circular jets. Mozumder et al. (2007) found that the 

maximum heat flux propagation velocity begins at a high value near the stagnation point, which 

decreases slowly and then increases again. 
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2.2.1.5 Nucleate boiling 

Among the different boiling mechanisms, the most quantitative analysis has been done for the 

nucleate boiling regime. The typical form of the correlation in the fully developed nucleate 

boiling (NB) regime steady-state cooling can be expressed as a function of surface superheat 

(Wolf et al. 1993): 

 n

satNB TCq            (2.13) 

Where C and n are processing-related constants and depend strongly on the type of fluid 

employed. According to Monde and Katto (1978), heat released from the surface in nucleate 

boiling provides the latent heat of evaporation of liquid.  

For transient cooling with a circular free-surface jet at stagnation, Hall et al. (2001) reported that 

the heat flux depends on jet velocity. This behavior is inconsistent with results of most steady-

state cooling studies (Wolf et al. 1993 and Robidou et al. 2002) where it was found that nucleate 

boiling heat flux is independent of impingement velocity but only dependent upon the surface 

superheat. In fact, motion of fluid during nucleate boiling on the surface is so active, that the 

state of fluid motion near the hot surface hardly changes even when forced convection is applied. 

Further, no influence of subcooling on the heat flux has been reported by Robidou et al. (2002, 

2003). However, Monde and Katto (1978) reported that subcooling affects nucleate boiling at 

low surface superheat but not at higher surface superheats. 

Interestingly, in the fully developed nucleate boiling regime, Robidou et al. (2002) showed that 

the local boiling curves for different positions merge and the corresponding heat flux seems to be 

independent of distance from the stagnation point (figure 2.4). However, under transient cooling 

condition, this conclusion was not supported by the data of Hall et al. (2001). Omar et al. (2009) 

developed an analytical/empirical model to predict the nucleate boiling heat flux in the 



27 

 

stagnation region. The model is based on the hypothesis that bubble formation at the surface 

leads to increase of the value of the diffusivity term in conservation equations. Experimental data 

were used to determine the diffusivity term for different jet velocities and surface temperatures.  

 

2.2.1.6 Effect of multiple jets on jet impingement boiling 

Pan and Webb (1995) investigated local single-phase heat transfer under different arrays of 

upward circular jets during cooling of a stationary surface. They found that the central jet 

stagnation Nusselt number is independent of jet spacing, but exhibited dependence on the nozzle-

to-surface spacing. Away from the impingement zone, a secondary stagnation heat transfer zone 

was observed midway between adjacent jets as a result of the interjet flow interaction. However, 

Slayzak et al. (1994a,b) reported that although convection coefficients in interaction zone 

between planar jets are characterized by pronounced high heat flux value, the circular jets do not 

necessarily produce high heat flux values midway between adjacent jets.  

Monde et al. (1980) performed some experiments with two and four circular saturated water jets 

to study the effect of nozzle configuration on nucleate boiling heat transfer mechanism. They 

reported that the number and placement of jets have little or no effect on the heat flux value in 

nucleate boiling. Also, characteristics of the critical heat flux in forced convective boiling with 

both single jet and multiple jets have been found similar, in spite of a difference in the flow 

condition on the surface between a single jet and multiple jets (Monde and Inoue 1991, Monde 

and Mitsutake 1996). 
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2.2.2 Effect of surface motion on jet impingement boiling 

Table 2.2 gives an overview of the processing parameters for the experimental studies which will 

be discussed in this section for cooling of moving surfaces. Although there has been significant 

research on jet impingement boiling heat transfer on stationary plates, the effect of surface 

motion on heat transfer has not received much attention. In fact, very limited experimental work 

has addressed the combined phenomena of jet impingement, moving surface, and also transient 

boiling heat transfer mechanism.  

The effect of surface motion on heat transfer for circular water jets impinging on the steel plates 

with initial temperatures below 240˚C was experimentally studied by Chen and Kothari (1988), 

Chen et al. (1991a,b) and Han et al. (1991). The water flow pattern showed that the moving 

strip/plate causes the water film to stretch in the moving direction resulting in an enhancement of 

heat transfer downstream of the jet (Chen and Kothari 1988). As the surface passes in the cooling 

zone, the temperature reaches a minimum before it recovers and conductive heat transfer within 

the plate overcomes the convective cooling. They also reported that the location of the minimum 

temperature occurs slightly after the stagnation point (Chen et al. 1991b). It was also found that a 

higher plate speed results in a higher surface temperature at the stagnation region under jet 

impingement due to the lower residence time in the cooling zone (Hatta and Osakabe 1989, Han 

et al. 1991). 
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Table 2.2 Experimental condition for citied works in section 2.2.2 (values that have not been reported are shown by “-“) 

Authors Surface 

speed 

Steady state 

/Transient 

Jet type Nozzle 

width or 

diameter 

Nozzle-

to-

surface 

spacing 

Plate 

material 

Thickness 

of plate 

Water 

temperature 

Jet velocity 

or flow rate 

Measurement 

positions  

Initial 

temperature  

Chan (2007) 0.3-1.3m/s Transient Circular, top jet 19mm 150cm Steel 

(HSLA) 

6.6mm 25°C 30 L/min Lateral 350-600°C 

Chen and Kothari 

(1988)  

0.35m/s Transient 

 

Circular, bottom 

jet 

 4.76mm  - Carbon steel 6.35mm  -  1.77m/s Lateral 85,122°C 

Chen et al. (1991a)  0.5m/s Transient 

 

Circular, bottom 

jet 

 4.76mm  - Carbon steel 6.35mm  - -  Lateral 88,240°C 

Franco (2008) 0.35, 1.0 m/s Transient Circular, 
multiple top jets 

(two jetlines) 

19mm 150cm Steel 
(HSLA) 

6.6mm 25°C 15 L/min Lateral ~700°C 

Gradeck et al. (2009, 

2011) 

Vj/Vp: 0.5-

1.25m/s 

Transient Planar, top jet 4mm  - Nickel Rotating 

cylinder 

17-90°C 0.8-1.2m/s Radial ~500°C 

Han et al. (1991) 0.15-1.44m/s Transient Circular, bottom 

jet 

4.76mm  55mm Carbon steel 6.35mm 22-27°C 3.88m/s Lateral 38-240°C 

Jondhale (2007) 0.22-1.0m/s Transient Circular, three 

top jets (one jet-

line) 

19mm 150cm Steel 

(HSLA) 

6.6mm 30°C 15,30 L/min Lateral ~700°C 

Pohanka et al. (2011) up to 12m/s Transient Spray, multiple 
top jets 

 - 300mm Steel Rotating 
cylinder 

- 15,5,1 L/s.m Lateral 1200°C 

Prodanovic et al. 

(2004) 

0.3, 1.0 m/s Transient Circular, top jet 19mm 120cm Steel (low 

carbon) 

6.38mm 30°C 15, 30 L/min Lateral ~700°C 

Prodanovic and 

Militzer (2005) 

0.3-1.4m/s Transient Circular, top jet 19mm 120cm Steel (low 

carbon) 

6.38mm 30°C 23 L/min Lateral ~700°C 
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Zumbrunnen et al. (1989) and Zumbrunnen (1991) analytically studied the effect of plate motion 

on boundary layer development in the vapor and liquid layers by solving the conservation 

equations for mass, momentum, and energy. They reported that the thickness of the vapor layer 

in the film boiling regime in the downstream zone decreases in comparison with stationary plate 

conditions since vapor flow is promoted by the plate motion. In contrast, in the upstream zone, 

the vapor thickness may increase since vapor can be drawn toward the jet. Further, for very high 

plate velocities (higher than water jet velocity) the estimation of film boiling heat transfer 

becomes more complicated since the plate motion can reverse the flow of vapor in the upstream 

region (Zumbrunnen et al. 1989). However, these analytical results have not been validated by 

any experiments. Filipovic et al. (1992a,1994b) analyzed the process of subcooled, forced 

convection film boiling under turbulent flow condition in the parallel flow region. For this 

purpose, they applied a two-phase (vapor and liquid) boundary layer model and assumed that the 

liquid/vapor interface is smooth.  

Prodanovic et al. (2004) conducted some experiments in order to observe parametric trends in jet 

impingement heat transfer for hot moving steel plates using the pilot scale run-out table at the 

University of British Columbia (UBC). They performed single circular nozzle tests using plates 

moving at two speeds of 0.3 and 1.0 m/s and compared the heat flux results to data from 

stationary experiments. They reported that the cooling rate under the jet increases with 

decreasing the speed of the test plate and with increasing flow rate of the water jet. Prodanovic 

and Militzer (2005) found that maximum cooling rates were obtained in the temperature range of 

approximately 300-350˚C. It has also been observed that the size of the cooling zone for a single 

jet, and therefore the cooling efficiency increases with decreasing the surface temperature. 



31 

 

Chan (2007) performed single nozzle experiments on the pilot scale run-out table at UBC. He 

investigated the effect of plate speed (0.3, 0.6, 1.0, and 1.3 m/s) on peak heat flux and heat 

extraction. The peak heat flux is the maximum heat flux recorded as a result of the plate passing 

through the jet. The heat extraction is obtained from the integration of the heat flux vs. time in 

each cooling pass. It has been reported that both values decrease with increasing plate speed. 

Recently, Gradeck et al. (2009, 2011) conducted quenching experiments of a hot nickel cylinder 

by using a subcooled planar water jet and compared heat flux curves for stationary and rotating 

cylinders. The rotating cylinder allowed them to have a sufficiently long time of experimentation 

to be able to describe the entire boiling curve. A potential drawback of these tests though is that 

the existence of surface curvature may significantly affect the heat fluxes obtained. For the 

stationary cylinder, the boiling curve presents a heat flux shoulder at the stagnation point. 

However, in the parallel flow zone, they did not observe the shoulder. Moreover, the heat flux 

shoulder decreases as the rotating speed increases. For sufficient high rotating speed, the 

shoulder heat flux did not exist beneath the jet and local boiling curves have the same shape 

upstream, downstream, and beneath the jet axis. Moreover, a decrease of the heat flux has been 

observed as the surface velocity (i.e. rotation speed) increases.   

Pohanka et al. (2009) investigated the effect of fast moving surfaces using spray cooling of a hot 

rotating cylindrical body. The main reason for using the cylindrical surface was to achieve high 

surface velocities up to 12 m/s. Although they reported a decrease in heat transfer intensity with 

the speed of rotation, the related data was not included in their paper. 

In addition to all of the complexities of boiling jet impingement heat transfer for moving plates, 

jet impingement cooling in strip and plate mills also involves interactions between adjoining jets. 

Filipovic et al. (1990,1994a) identified three cooling regions at the top surface of a strip on an 
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industrial cooling line: first is the impingement cooling zone where high heat flux is released. 

This zone is also called “effective cooling zone”. The second and third cooling zones are the 

interaction zones between two neighboring jets in the same jet line and between jets from 

consecutive jet lines. 

Jondhale (2007) studied local heat transfer of hot moving plate on the pilot scale run-out table at 

UBC by using three circular nozzles in one jet line. Three different nozzle configurations were 

employed with nozzle spacings of 38.1, 76.2 and 114.3 mm, respectively. For all nozzle 

spacings, locations below nozzles experience very high heat fluxes. The results also show that 

nozzle spacing has little effect on the peak heat flux value in impingement zone. However, 

reducing the nozzle spacing improves the uniformity of cooling across the width of the plate. 

In a subsequent study, Franco (2008) introduced a second line of three nozzles to advance the 

understanding of the effect of jet interactions. The stagger between nozzles and jet-line spacing 

were systematically varied to investigate their effects on cooling efficiency. The results showed 

that the cooling efficiency is unaffected by nozzle stagger as long as plate speed, jet-line spacing 

and flow rate are the same (figure 2.6). However, uniformity of cooling is strongly dependent on 

nozzle configuration especially in the range of 300 to 450˚C in which the highest heat fluxes and 

largest thermal gradients were observed. Moreover, it has been reported that although longer 

distances between jet-lines produce higher heat extracted values per pass, shorter distances 

between jet lines are found to extract more heat per unit length of jet-line spacing and are 

deemed more effective. 

 



33 

 

 

Figure 2.6 heat extracted for different nozzle stagger configurations as a function of entry temperature (the 

surface temperature of the plate, when the water jets first hit the plate during that pass) (Franco 2008). 

 

2.3 Heat transfer modeling of run-out table cooling 

Many researchers use initial and final temperatures of the strip/plate and apply a fitting 

procedure to find heat transfer coefficients (Colas and Sellars 1987, Timm et al. 2002, 

Pyykkonen et al. 2010). However, these results are mill dependent, as they do not accurately 

predict the temperature of steel strips on another run-out table with different operating 

parameters. 

To develop a fundamental heat transfer model for the steel strip cooled by planar jets and coiled 

above 550°C, Colas and Sellars (1987) attempted to define constant heat transfer coefficients for 

impingement and parallel flow zones. Various combinations of coefficients and impingement 

width were evaluated. However, they were unable to define a set of values which give good 

agreement with observations. This discrepancy was believed to be related to the existence of an 

oxide layer on the surface of the strip/plate. 
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Guo (1992) applied a statistical approach to define a triangular shaped distribution of heat 

transfer coefficient at effective cooling zone by using data collected from several coils. A simple 

power-law equation was used to relate the maximum heat transfer coefficient to some operating 

parameters such as strip speed, strip thickness, surface temperature, and flow rate. Coiling 

temperatures were in the range of 594 to 743°C.  

Filipovic et al. (1992a) developed a temperature model for the strip temperature distribution 

during cooling by an array of planar jets. To apply convective boundary conditions, two main 

zones were considered on the hot surface. For impingement cooling zone, they used a nucleate 

boiling correlation which had been found for the stagnation point. However, the correlation was 

extended to the impingement zone by defining the pressure gradient in the impingement zone. In 

their model the shape of the impingement zone is symmetrical with respect to the nozzle position 

and the width is a function of jet-to-strip spacing, jet velocity and jet width. Outside the 

impingement zone forced convection film boiling was considered. For the bottom surface, the 

same correlation was used for the impingement zone; however, due to the gravitational force the 

water stream separates from the strip and no film boiling region was considered. Their 

parametric study showed that the nozzle width has the largest influence on the thermal behavior 

of the strip among other control parameters such as jet velocity, strip speed, water flow rate, and 

water temperature (Filipovic et al. 1992b). This result was related to the large heat fluxes in the 

impingement region, where even a small change in the nozzle width and subsequent change in 

size of impingement region, can significantly alter strip thermal response. 

Filipovic et al. (1994a) extended their model to predict the 2-D behavior of the strip during 

cooling with circular water jets using the same basic assumptions. The correlation which was 

developed from stationary surface experiments by Ochi et al. (1984) was incorporated for the 
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impingement region. Based on the model, they found that heat extraction in film boiling region 

for a specific mill accounts for approximately 50% of the total heat extraction. 

Hernandez (1999) developed a heat transfer model for planar and circular water jet cooling on 

the run-out table. Similar to previous studies, the size of two cooling zones were held constant, 

i.e., independent of surface temperature. To find heat flux in either the impingement or the 

parallel flow zone, the macrolayer evaporation mechanism was adopted for contribution of 

nucleate boiling in the transition boiling regime. In contrast to most literature in which the film 

boiling mechanism is applied as the main mechanism of heat removal in the parallel flow zone, 

the definition of the transition boiling mechanism in the parallel flow region was used. The 

model was validated by comparing predicted temperatures with measurements in five different 

run-out table operations with coiling temperatures in the range of 540 to 740°C. It has been 

claimed that the model predicts the coiling temperatures within ±20°C. However, there are some 

weak points in the proposed heat transfer model that are apparent at coiling/stop temperatures 

below 500°C (Prodanovic, private communication). The transition boiling heat transfer rate has 

not been addressed properly in the model. As an example, the model which was proposed for the 

F parameter (the solid-liquid contact area in equation 2.9), is not reliable at lower plate speeds. 

Moreover, the proposed nucleate boiling correlations based on the macrolayer evaporation fails 

to predict the heat transfer rates at temperatures lower than 500°C. These weaknesses restrict the 

application of the heat transfer model for some advanced steels for which the controlled cooling 

process is required from high temperatures to temperatures below 500°C. 

Park (2011a, 2011b, 2012, 2013) developed a Computational Fluid Dynamics (CFD) model for 

plate cooling by multiple circular jets. To simulate the temperature evolution during cooling, 

film boiling was considered as the dominant heat transfer mechanism. Therefore, the model is 
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only applicable for plate cooling with high initial temperatures. To simulate the cooling process 

an iterative procedure was proposed to estimate the thickness of the vapor layer on the surface 

during film boiling (Park 2011a). Due to the limited information about this procedure in the 

paper as well as other details of the CFD model, it is not possible to justify the validity of the 

procedure. The model predicts that the overall cooling effectiveness of multiple jet cooling 

system increases with reducing nozzle diameter while maintaining the mass flow rate of water 

(Park 2012). It has also been predicted that a staggered jet arrangement has a greater cooling 

capacity than the in-line (non-staggered) arrangement (Kwon and Park 2013). This is in contrast 

to the experimental data of Franco (2008) where nozzle configuration does not have an effect on 

the cooling capacity. Unfortunately no comparison with experimental results has been provided 

in Park (2011a, 2011b, 2012, 2013) to support the predictions.  

According to the literature survey presented above, the major problem for modeling the heat 

transfer on the run-out table is defining the local heat transfer condition on the strip/plate surface 

based on surface temperature and process parameters such as strip/plate speed, nozzle 

configuration, jet velocity, and water temperature. In fact, without properly considering the 

boiling mechanisms (i.e. film boiling, transition boiling, and nucleate boiling) the developed heat 

transfer models may not be applicable to predict thermal behavior of the steel on different run-

out tables with different process parameters. Furthermore, some of the models that have been 

developed have not been validated with experimental data. 

Moreover, the emphasis of almost all heat transfer models is for jet impingement cooling for 

temperatures higher than 600°C. However, for the production of advanced TMCP steels 

controlled accelerated cooling needs to be extended to lower temperatures. At temperatures 

lower than 600°C, transition and nucleate boiling become the dominant heat transfer 
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mechanisms. Therefore, these mechanisms need to be addressed more accurately in the 

developed heat transfer models for the run-out table. It is worth mentioning that, even for run-out 

tables with conventional stop/coiling temperatures (>600°C), the surface temperature of the plate 

is much lower than the average temperature of the plate. Therefore, heat transfer models which 

are not able to accurately predict the heat extraction rate at surface temperatures lower than 

600°C, may have significant limitation. The main attempt in the present study is to develop a 

heat transfer model for jet impingement cooling of steel plates with surface temperatures in the 

range of 250 to 600°C.  

 

 

  



38 

 

Chapter 3: Objectives 

 

 

The overall objective of this work is to develop a mechanistic heat transfer model for jet 

impingement cooling of the top surface of moving hot steel plates. A particular emphasis will be 

placed on cooling to below conventional coiling or cooling stop temperatures, e.g. 600˚C, where 

nucleate and transition boiling are the dominant boiling mechanisms. In order to achieve the 

overall objective, the following tasks must be completed: 

(1) Quantify heat extraction during cooling of stationary plates with systematic experimental 

heat transfer studies on the pilot scale run-out table facility available at UBC. Here, the role 

of nozzle geometry, water flow rate and water temperature will be investigated. 

(2) Develop a boiling curve model for single jet cooling of stationary plates considering the 

underlying boiling mechanisms, i.e. film boiling, transition boiling, and nucleate boiling. 

(3) Quantify heat extraction during cooling of moving plates with systematic experimental heat 

transfer studies on the pilot scale run-out table facility. Here, the role of plate speed will be 

investigated in addition to nozzle geometry, water flow rate and water temperature.  

(4) Develop a mechanistic cooling model for moving plates using boiling curves. Here, the 

model for stationary plates will be extended by incorporating the effect of plate speed on heat 

extraction for both single and multi-jet cooling.  
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Chapter 4: Experimental methodology 

 

 

4.1 Pilot-scale run-out table facility 

In the present study a pilot scale run-out table facility was used. A schematic of the run-out table 

facility is shown in figure 4.1. The facility has been designed to simulate industrial cooling 

conditions for run-out table cooling in hot strip and plate mills (Prodanovic et al. 2004). It 

enables heat transfer to be studied during cooling of stationary plates as well as moving plates. 

Heating is provided by an electric furnace where a steel plate can be heated up to a temperature 

of 900°C. The furnace is fitted with a gas line to supply nitrogen gas during heating of the plate 

to minimize the formation of scale. Using a hydraulic motor and a chain drive system, the steel 

plate is transported from the furnace to the cooling tower for stationary experiments. For moving 

plate experiments, after the steel plate is transported close to the cooling tower the plate is moved 

back and forth with pre-scribed speeds of 0.2-2 m/s, i.e. cooling is conducted in multiple passes. 

The cooling tower features a closed water loop where 1.5 m
3
 of water is circulated through the 

cooling nozzles. Water temperature and flow rate are controlled. The water pump can provide 

total water flow rates of as high as 500 L/min. An electric heater is situated in the upper tank and 

is primarily used to adjust the temperature of the water (10-90°C). In this work two types of 

nozzles were used: planar (curtain) and circular (axisymmetric) nozzles. The cross section of the 

planar nozzle outlet is 3 x 300 mm and the inner diameter of the circular nozzle is 19 mm 

(figures 4.2a and 4.2b). 
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(a) 

 

(b) 

Figure 4.1 (a) Schematic of pilot scale run-out table facility, and (b) Schematic of cooling tower (side view). 
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(a) (b) 

Figure 4.2 Schematic of (a) planar nozzle and (b) circular nozzle. 

 

Two different commercial hardware packages are used. Iotech DaqBook 2005 is used to measure 

temperature of the test plate. A GW Instruments instruNet (INet100) is used to measure signals 

from the flow meters and to control speed and direction of the steel plate. DASYLab 8.0 data 

acquisition software is used to transfer measurement data to a computer. 

According to the equipment specifications, the experimental errors were estimated as 

summarized in table 4.1. 

 

Table 4.1 Experimental errors 

Quantity Measurement error 

Temperature  ±2°C (T<277°C) 

±0.75% (T>277°C)  

Flow rate (Zhang 2004) ±0.5%  

Water temperature  ±0.5°C 

Plate speed ±0.05m/s 
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4.2 Test plates 

Plates used were as-received hot rolled High Strength Low Alloy (HSLA) steel and the thickness 

of all samples was 6.6 mm. The chemical composition of the steel is given in table 4.2. For each 

test, a new plate was used in order to have the same surface quality and plate flatness for all 

experiments. The surface roughness (ISO 1997) was measured using Mitutoyo Surface 

Roughness Measurement Surftest (SJ-310). The roughness profile determined from deviations 

about the mean line within an evaluation length of 1cm was measured. The arithmetic average of 

roughness (Ra) was 1.36 µm. Prior to instrumentation of the plate with thermocouples, the steel 

plate was first mounted on a steel frame (carrier), which permitted the easy transport of the plate 

to and from the furnace, and enabled precise positioning of the plate on the chain drive system. 

  

Table 4.2 Chemical composition of HSLA steel 

Element C Mn P S Si Cu Cr Ni 

wt. % 0.0614 1.1203 0.0111 0.0027 0.2383 0.1567 0.0746 0.0509 

Element Mo Al N Ti V Sn Nb Fe 

wt. % 0.0167 0.0286 0.0058 0.0148 0.0045 0.0098 0.0399 Balance 

 

In order to measure the transient temperature response, 1.59 mm (1/16”) type K thermocouples 

were employed. Flat bottom holes, 1.59 mm in diameter, were drilled from the bottom face of the 

plate to a depth of approximately 1 mm below the top surface. The depth of the pre-drilled holes 

for the thermocouples was measured with an accuracy of ±0.01 mm using a sheet metal 

micrometer. The thermocouple wires entering the holes were separated by a ceramic tube 

insulator and each thermocouple wire was spot welded to the top of the flat bottom hole as 

shown in figure 4.3. 
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Figure 4.3 Schematic of one spot welded thermocouple to the plate.  

 

The steel plates used for stationary tests were 60 x 43 cm for planar nozzle cooling tests and 40 x 

43 cm for circular nozzle cooling tests. Figure 4.4 shows the location of thermocouples for both 

sets of stationary experiments, i.e. with planar and circular nozzles. More thermocouples were 

positioned close to the jet where a sharp gradient in heat extraction rates was expected. 

The steel plates used for moving tests were 60 x 43 cm for planar nozzle cooling tests and 120 x 

43 cm for circular nozzle cooling tests. Figures 4.5a and 4.5b show the location of thermocouples 

for the moving plates for planar nozzle cooling and circular nozzle cooling, respectively. The 

thermocouple spatial distribution for the circular nozzle cooling tests was chosen such that the 

thermal history of different cooling scenarios along the lateral direction (y) on the surface could 

be captured. Moreover, a number of thermocouples were located to serve as back-ups. 

 



44 

 

 

(a) 

 

(b) 

Figure 4.4 Schematic of thermocouple locations with respect of the water jet for stationary plate experiments 

(a) for tests with the planar nozzle and (b) for tests with the circular nozzle.  
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(a) 

 

(b) 

Figure 4.5 Schematic of thermocouple locations for moving plate experiments: (a) planar nozzle cooling and 

(b) circular nozzle cooling. 
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4.3 Test procedure 

After the desired temperature (900°C) was reached in the furnace, the plate was transported 

toward the cooling section. For stationary tests, the center of the plate was positioned under the 

nozzle, and the water flow was started. In order to secure the desired water flow rate at the 

beginning of the tests with a planar nozzle, prior to running the experiment, the header was 

completely filled up with water. After the plate was positioned under the nozzle, using a solenoid 

value the water flow was started. However, prior to running the tests with a circular nozzle, a 

diverter pipe was used to divert the water jet and bypass the water to the water containment tank. 

After the plate was positioned under the nozzle axis, the diverting pipe was removed quickly to 

permit the water jet impinges on the plate surface.    

For the tests with stationary plates, the initial temperature of the plate (Tinitial) at the onset of 

water cooling was about 720°C. Temperature data were collected until the temperature of the 

plate at all thermocouple locations dropped below 100°C. 

For the test with moving plates, after the plate passed through the cooling section of the first 

cooling pass, the plate was stopped for a sufficient time such that the maximum temperature 

difference at all thermocouple positions was less than 20°C. Then, the plate was moved back 

through the cooling section for the next pass at a lower temperature. This process was repeated 

until the plate temperature in all locations dropped below 100°C. 
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4.4 Data analysis 

4.4.1 Surface temperatures and heat fluxes 

In order to study jet impingement boiling heat transfer, surface heat flux and surface temperature 

need to be determined. In the present study, the inverse heat conduction (IHC) analysis 

developed by Zhang (2004) was used to determine the top surface temperature and heat flux 

from the measured temperature for each thermocouple separately. The analysis is based on a 2D 

axisymmetric finite element method (FEM). More details about the IHC program can be found in 

appendix A. The domain used and boundary conditions applied for the IHC analysis are shown 

in figure 4.6. The domain is meshed using 175 linear elements. A dense mesh is applied in the 

areas adjacent to the top surface since large thermal gradients are expected in this region. Details 

of the mesh density are presented in table 4.3 (Franco 2008). It was found that the calculated 

surface heat flux changes less than 1% when the number of elements increases from 175 to 559. 

 

Table 4.3 Mesh size for IHC analysis 

Section Number of elements Arrangement (r×z) 

A 25 5×5 

B 50 10×5 

C 100 10×10 

 

Boundary conditions for the domain in the IHC analysis are shown in figure 4.6 and are defined 

as follows: 

Boundary a: The boundary condition at the top surface (quench surface) is the heat flux to be 

calculated. 

Boundary b: Due to the symmetry at the centerline, an adiabatic condition is assumed. 
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Boundary c: An adiabatic condition is assumed between the thermocouple insulator and the steel.  

Boundary d: As with boundary (c), an adiabatic condition is assumed between the thermocouple 

insulator and the steel. 

Boundary e: Air cooling (free convection and radiation) is assumed at the bottom surface of the 

steel plate. 

Boundary f: It is assumed that temperature gradient away from the thermocouple position is not 

significant; therefore, an adiabatic condition is assumed. 

 

Figure 4.6 The domain used for inverse heat conduction (IHC) analysis. 

 

The measured temperature data for stationary plate tests was smoothed and filtered before being 

input into the inverse heat conduction program. To do so, a filtering approach proposed by Caron 

(2008) was applied. The approach uses a moving median filter followed by a second filter which 
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is a moving average. The moving median was proposed to smooth out short term fluctuations 

and highlight the main trend of the temperature-time curves. The second filter was applied to 

remove the existence of arbitrary edges in the curves resulting from the moving median filter. 

More details can be found elsewhere (Caron 2008). The first filter was a 41-point moving 

median, in which each temperature point was replaced by the median of 41 consecutive 

measurements. The second filter was a 5-point moving average, in which each temperature point 

was replaced by the average of 5 consecutive measurements. Figure 4.7 shows the effect of 

filtering approach on temperature data. Careful checks and comparisons showed that all features 

of the actual temperature histories were retained in the smoothed curves. 

 

Figure 4.7 Effect of filtering approach on temperature data, (a) raw and filtered temperature data. 

Magnifications of temperature vs. time data are shown for (b) a not-wetted period and (c) a wetted period. 

The filter smoothens out short term fluctuations before wetting (figure b); however, the actual cooling slope 

during wetting (figure c) has been retained in the smoothed curve. 
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The maximum data recording rate for temperature measurement that could be obtained was 

governed by the specification of the data acquisition system and also the number of the 

thermocouples used. In the present study, the measured data frequency was between 30 to 100 

Hz depending on the number of thermocouples used in each series of experiments. Previously 

Franco (2008) showed that a low acquisition rate (<100 Hz) does not constitute sufficient density 

of measured data for the IHC analysis. He found that 100Hz is the proper value for the data 

frequency to be use in IHC analysis. Thus, he suggested the measured temperature vs. time data 

can be subjected to a spline interpolation to adjust data frequency. Since in the present study, the 

experimental frequency for data collection was lower than 100 Hz, a cubic Hermite spline 

interpolation (a spline where each piece is a third-degree polynomial specified in Hermite form) 

was used (Späth 1995). The Hermite spline was applied to each interval (ti,ti+1) separately. The 

resulting spline with a data frequency of 100 Hz is continuous and has a continuous first 

derivative.  

After improving temperature-time data frequency, thermocouple data were analyzed by using the 

IHC program to calculate surface heat flux and surface temperature. The calculation procedure in 

the IHC analysis is as follows. First, the direct heat conduction differential equation is solved by 

using an initial guess for the surface heat flux. The IHC program uses a finite element approach 

to solve the nonlinear transient heat conduction problem and calculate the temperature within the 

plate. Then, the IHC program compares the measured temperature with the calculated 

temperature at the thermocouple tip location. The temperature difference between measured and 

calculated values is then used to estimate a new heat flux value for the top surface. Then the 

procedure is repeated using the new heat flux value until a set of predetermined convergence 

criteria have been met. More details about the convergence criteria can be found elsewhere 



51 

 

(Zhang 2004, Franco 2008). It should be noted that in this study the heat flux and surface 

temperature calculated by the IHC program will be referred to as experimental data. 

As it is described in table 4.1, there is some uncertainty for measured values of temperature and 

thermocouple depth. These values are input in the IHC program and these errors can cause 

uncertainty in the output of the IHC output which is surface temperature and heat flux. Vakili 

(2011) used a numerical procedure, called Computerized Uncertainty Analysis, to calculate the 

uncertainty in the values and reported that the uncertainty in the values of surface heat flux is 

between ±16% for the stagnation point and ±8% for the parallel flow zone. The cooling 

conditions used in this previous analysis are similar to those employed in the present study. 

Thus, the above uncertainty values are taken as the representative errors of the experimental heat 

fluxes reported in the present work.   

    

4.4.2 Velocity and pressure distribution in liquid jet 

To study jet impingement cooling of steel plates, quantification of the fluid flow phenomena 

involved in jet cooling is required since the heat transfer processes are strongly dependent on 

how water flows on the steel surface. As discussed in section 2.1, two different cooling zones, 

i.e. impingement and parallel flow zones, are formed in a free-surface impingement type cooling 

where upon impinging, liquid traverses along the surface. The streamwise velocity of the water 

(ul) in both zones has significant influence on the convective heat transfer rate.  In this work the 

proposed streamwise velocity by Vader et al. (1991) was used for the planar jet (table 4.4). For 

the circular jet, numerical results for the streamwise velocity (Seraj et al. 2012) of a circular jet 

impinging on a cold surface were used. Curve fitting on the numerical results were applied to 

derive the equations for the streamwise velocity of the water (table 4.4).  
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Table 4.4 Streamwise water velocity; wji is jet impingement width at the surface; dji is jet impingement 

diameter at the surface 

 Impingement zone  Parallel flow zone  

Planar jet 

(Vader et al. 

1991) 
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Using the streamwise velocity of the water, the jet pressure profile along the surface can be 

obtained. The local pressure on the surface in the impingement zone of the planar nozzle is given 

by the Bernoulli equation: 

          
 

 
    

            (4.6) 

where Pstag is the sum of the ambient pressure (P0) and the jet pressure on the surface at the 

stagnation point: 

           
 

 
    

            (4.7) 

The normalized pressure is calculated as 

              
    

         
         (4.8) 

For circular jets, the normalized water jet pressure distribution was obtained as: 

                
 

       
          

    
 
        (4.9) 
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by analyzing the data of Seraj et al. (2012). The equations for the water velocity and the pressure 

distribution (equations 4.1-9) will be used to develop a model for mapping boiling curves (see 

chapter 6).    
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Chapter 5: Experimental results: stationary plates 

 

 

5.1 Experimental matrix 

A test matrix has been designed to study the effect of water jet velocity and water temperature on 

the cooling of stationary plates with planar or circular nozzles. In order to study the effect of the 

jet velocity, the water flow rate was varied between 100 and 250 L/min for the planar nozzle, and 

between 15 and 45 L/min for the circular nozzle. Water temperatures were varied between 10 

and 40°C. The selected ranges for water flow rate and water temperature are relevant to 

industrial conditions. The standoff distance between the test plate and the nozzle was set to 0.1 

m. Details of the selected experimental parameters for the individual tests are summarized in 

tables 5.1 and 5.2. Jet impingement velocities were calculated using equation 2.1. In order to 

ensure the reproducibility of experiments, a few repeats have been performed. An example has 

been provided in appendix B. 

Table 5.1 Experimental matrix (SP: Stationary plate/Planar nozzle) 

Test Nozzle FR,  L/min Jet impingement 

velocity (Vji), m/s 

Twater, °C 

SP01 Planar 100 2.3 25 

SP02 Planar 150 3.1 25 

SP03 Planar 250 4.8 25 

SP04 Planar 100 2.3 10 

SP05 Planar 100 2.3 40 
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Table 5.2 Experimental matrix (SC: Stationary plate/Circular nozzle) 

Test Nozzle FR,  L/min Jet impingement 

velocity (Vji), m/s 

Twater, °C 

SC01 Circular 15 1.7 25 

SC02 Circular 30 2.3 25 

SC03 Circular 45 3.0 25 

SC04 Circular 15 1.7 10 

SC05 Circular 15 1.7 40 

 

5.2 Surface temperature and heat flux curves 

As an example, figure 5.1a shows temperature-time curves (cooling curves) for the planar nozzle 

test SP01 observed at 7 different locations (figure 5.1b) from the stagnation point. The 

temperature-time curves represent calculated surface temperatures based on the IHC analysis of 

the internal temperature measurements (as explained in section 4.4.1). Figure 5.1c shows the 

measured internal temperature and calculated surface temperature for one location (x=0mm). 

Figure 5.1d shows the corresponding surface heat flux. The time reference (t=0) in figure 5.1 has 

been chosen to be at 1 s prior to the heat flux at the stagnation point reaching 0.1 MW/m
2
. 

When the jet impinges on the surface (t≈1 s), the heat flux at the stagnation point (x=0 mm) 

increases rapidly to ~13.5 MW/m
2
 and the surface temperature quickly falls below 200°C. 

Following this rapid cooling, the heat flux gradually drops, lowering the cooling rate 

accordingly. The surface temperatures at positions far from the jet (x ≥ 40 mm) first drop about 

100°C in approximately 1 s before starting to continuously decrease at a much slower rate until a 

sudden drop in temperature to about 200°C occurs. The time to reach this sudden drop increases 
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with distance and coincides with the progression of the wetting front. The sudden drop in 

temperature is related to a sudden increase of heat flux which can be observed in figure 5.1c. The 

peak value of the heat flux in general decreases with distance, and attains ~4 MW/m
2
 for x=120 

mm which is the TC location farthest away from the stagnation point. As for the stagnation point 

(x=0 mm), the surface temperature decreases further after the sudden temperature drop but at a 

reduced rate. 

 
 

            (a) (b) 

  

          (c)    (d) 

Figure 5.1 (a) Surface temperature vs time curves, (b) schematic of thermocouple locations, (c) internal and 

surface temperatures at x=0mm, and (d) heat flux vs time curves; test SP01: FR=100 L/min, Twater=25°C. 
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5.3 Boiling curves 

Figure 5.2 shows the family of boiling curves for the experimental data presented in figure 5.1. 

The boiling curves show the variation in heat flux with surface temperature, which can be plotted 

for the measurement locations (here shown for selected positions). Boiling curves for all 

experiments are shown in appendix C.  

In the early stage of cooling, an initial cooling stage (IC) is observed in all boiling curves. This 

can be explained as the transition from air cooling to water cooling. Figure 5.2 shows that the 

film boiling region is not observed at the stagnation point of the jet (i.e. x=0 mm). It is believed 

that this is due to high pressure of the water jet and high subcooling preventing the formation of 

a stable vapor layer. The heat flux increases with a decrease of the surface temperature to 

approximately 320°C and, after passing the maximum heat flux, it starts decreasing. The heat 

flux approaching the maximum point (qmax) shows a relatively sharp incline and no shoulder 

regime is observed. This is in contrast to the experimental data of Robidou et al. (2002) for 

steady-state cooling where a shoulder heat flux was observed at the stagnation point. 

For the boiling curve far from the impinging jet (i.e. x=120 mm), i.e. in the parallel flow zone, 

the film boiling regime can be clearly observed in the early cooling stage 

(430°C<Tsurface<650°C). The heat flux in the film boiling regime is almost constant and 

decreases slightly before reaching the Leidenfrost temperature (TMHF) where the vapor layer is 

not stable anymore and breaks down. The Leidenfrost point marks the onset of transition boiling 

where the heat flux increases initially as surface temperature decreases (first stage in transition 

boiling) until the heat flux shoulder is reached (second stage in transition boiling). At a 
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temperature at around 210°C, the transition boiling regime terminates and the heat transfer 

mechanism changes to nucleate boiling.  

 

Figure 5.2 Family of boiling curves; test SP01: FR=100 L/min, Twater=25°C. 

 

The boiling curve at x=10 mm shows an intermediate case between those described above. Here, 

the film boiling regime is observed. As the surface temperature decreases below ~520°C, the 

heat flux increases in the transition boiling regime. However, similar to the boiling curve at 

x=0mm, the shoulder region is not observed and heat transfer starts to decrease at 300°C.  

One important feature of the results in figure 5.2 is that the maximum heat flux strongly depends 

on the distance from the jet and varies in this experiment between 13.5 and 4.5 MW/m
2
. 

Moreover, the boiling curves of the parallel flow zone show a broad heat flux maximum that is 

associated with the shoulder heat flux zone. Finally, at lower temperatures, the nucleate boiling 
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curves for different positions essentially merge into one curve as the temperature decreases.  

Therefore, the results clearly indicate that the distance from the jet affects the value of heat flux 

as well as the trend and shape of the boiling curves. Thus, it is essential to develop a model that 

takes into account the influence of distance from the jet and predict the local heat flux for 

different locations. 

To further evaluate the effect of distance as well as the processing parameters, i.e. water flow 

rate and water temperature on the heat transfer rate, the maximum heat fluxes are plotted for all 

experiments against the distance from the jet (figure 5.3). In order to identify qmax, two cases are 

considered. In the first case, the heat flux approaching the maximum point (qmax) shows a sharp 

incline and after passing the maximum heat flux, it starts decreasing. In this case qmax is equal to 

the maximum point. In the second case, after an incline in the heat flux as the surface 

temperature decreases below the Leidenfrost point, the heat flux remains relatively constant with 

some fluctuations (shoulder heat flux). These fluctuations in the shoulder region have been 

previously observed by Robidou et al. (2002). For thermocouple positions where the shoulder 

heat flux is observed, the experimental maximum heat flux (qmax) is represented by the average 

of the heat flux values in the shoulder region. The maximum heat flux in the experiments with 

the planar nozzle is shown in figure 5.3a and 5.3b. In most experiments, for a position close to 

the nozzle (less than about 40mm), the maximum heat flux decreases sharply with increasing 

distance from the jet. For a position farther than 40mm, the maximum heat flux also decreases 

but with a reduced slope. It is believed that closer to the jet the variation of heat flux is 

influenced by the local jet velocity as well as subcooling, whereas farther from the jet it is 

predominantly subcooling.  
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(a) (b) 

  

(c) (d) 

Figure 5.3 Experimental maximum heat flux for the planar jet: (a) different water flow rates (b) different 

water temperatures; and for the circular jet: (c) different water flow rates (d) different water temperatures.  

 

Figure 5.3a represents the variation of the maximum heat flux with the distance from the planar 

jet for different water flow rates. Generally the maximum heat flux increases with increasing 
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jet impingement velocity at the plate surface from 2.3 to 4.8m/s. This increase in jet 

impingement velocity increases the maximum heat flux from ~13.5 to ~17 MW/m
2
. 

The variation of the maximum heat flux with the water temperature is presented in figure 5.3b 

for the experiments with a planar nozzle. With the increase of water temperature the maximum 

heat flux decreases significantly. At the stagnation point of the jet, the increase of the water 

temperature from 10 to 40°C leads to a decrease in the maximum heat flux from ~15 to ~11.5 

MW/m
2
.  

Figures 5.3c and 5.3d show the local maximum heat flux variations in the experiments with the 

circular nozzle. In most experiments three parts in the variation of the maximum heat flux with 

radial position can be distinguished. For a position close to the jet (0≤r<~10mm), the maximum 

heat flux remains constant or falls slightly. For a position between 10 and 80mm 

(~10≤r<~80mm), the maximum heat flux falls more rapidly. In the last part (r≥~80mm), the 

maximum heat flux does not change significantly with the distance from the jet or falls slightly.   

The effect of the water flow rate on the local maximum heat flux variations is shown in figure 

5.3c. The increase of the water flow rate from 15 to 30 L/min increases the maximum heat flux 

from 11.5 to 12.5 MW/m
2 

at the stagnation point of the jet. However, a further increase in water 

flow rate from 30 to 45 L/min does not increase the maximum heat flux significantly.  Figure 

5.3d shows the effect of the water temperature on the maximum heat flux. An increase of water 

temperature from 10 to 40°C decreases the maximum heat flux from 12 to 8.5 MW/m
2
. 

However, the figure shows that changes in the maximum heat fluxes are not significant for water 

temperatures of 10 and 25°C. 
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5.4 Comparison between steady-state and transient conditions 

Comparing the boiling curves of the steady-state (temperature controlled) condition (Robidou et 

al. 2002) and the transient (quenching) condition reveals some differences in the trend of the 

boiling curves. As shown schematically in figure 5.4, the first difference is the existence of the 

initial cooling (IC) stage in the transient cooling tests (the transition stage from air cooling to 

water cooling). The existence of this stage in the transient cooling condition has been previously 

reported by Li et al. (2007) as well. 

 

 

(a) (b) 

Figure 5.4 Schematic showing (a) the steady-state and (b) the transient boiling curves for jet impingement 

cooling when high subcooling condition is applied. 

 

Another difference observed between steady-state and transient cooling is after the transition 

from the film to the transient boiling regime the heat flux does not immediately jump to its 

shoulder value. During transient cooling conditions this change is gradual and has been identified 
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calculated for all experiments and presented as a function of distance from the stagnation point in 

figure 5.5.  

 

Figure 5.5 The slope of the first stage in the transition boiling regime. Experimental errors are ±16% for the 

stagnation point and ±8% for positions away from the stagnation point. For clarity of presentation error bars 

are not shown. 

 

Although there is some scattering in the data, it was found that the slope value does not depend 

significantly on processing parameters, i.e. water temperature and water flow rate, or on the 

distance from the water jet. As Li et al. (2007) discussed, when film boiling is not observed in 

the area close to the jet, the initial cooling stage changes very quickly to the first stage of 

transient boiling (figure 5.4b). Therefore, for these cases it is not easy to demarcate the boundary 

between these two stages.  
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The absolute mean value for the slope of the first stage in transition boiling has been found to be 

0.044 MW/m
2
°C. Previously, Caron (2008) has shown that the thermal conductivity of the plate 

strongly affects the slope of this stage in the transition boiling regime. Higher thermal 

conductivity facilitates higher heat transfer within the plate and decreases the time required to 

switch from one level of heat flux to a higher level. In the steady-state condition without the time 

constraint the first stage in the transition boiling regime vanishes and the film boiling heat flux 

jumps to the shoulder heat flux in a very narrow temperature range (e.g. boiling curves in figure 

2.5).   

Additionally, the steady-state boiling curves of Robidou et al. (2002) showed the existence of the 

critical heat flux (CHF) and first minimum heat flux (First MHF) points which were not 

observed in the current experiments. Highly transient and severe quenching conditions are likely 

the reason that these phenomena were not observed. 
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Chapter 6: Boiling curve model for cooling of stationary plates 

 

 

6.1 Overview 

As discussed in chapter 5, during transient jet impingement cooling, different heat transfer rates 

are observed at different distances from the nozzle. To date, the majority of boiling heat transfer 

studies have dealt only with the area directly under the jet (Seiler-Marie et al. 2004, Ishigai et al. 

1978, Ochi et al. 1984, Miyasaka et al. 1980, Liu and Wang 2001).  A key distinction between 

the present study and previous studies is the attempt to map the heat flux along the surface of a 

stationary plate. Following the analysis of experimental results in chapter 5, a model for 

calculating heat fluxes on stationary plates during jet impingement boiling is proposed in this 

chapter. The proposed model, which is called a boiling curve model in this study, provides a 

foundation towards the development of a cooling model to simulate the temperature histories of 

moving steel plates during jet impingement cooling. 

6.2 Nucleate boiling 

As illustrated in figure 6.1, experimental results show that the nucleate boiling heat flux at the 

stagnation point depends only on the surface temperature of the plate. It is independent of nozzle 

geometry, water flow rate and water temperature. Therefore, the following correlation of the 

nucleate boiling is proposed for both types of water jets based on the stagnation point 

experimental data: 

                      
 

                              (6.1) 

where 
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                                        (6.2) 

Here q and Tsurface have the units of W/m
2
 and °C, respectively. As illustrated in figure 5.2, the 

nucleate boiling curves for other positions show that distance from the nozzle has a negligible 

effect on the nucleate boiling heat flux. Therefore, the proposed correlation can be used for all 

positions. 

 

Figure 6.1 Nucleate boiling heat flux at the stagnation point. Experimental errors are ±16%. For clarity of 

presentation error bars are not shown. 
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and (ii) the gradual increase from the MHF to the shoulder heat flux. The gradual increase of 

heat flux can be described with the slope of 0.044 MW/m
2
°C independent of process parameters, 

as illustrated in figure 5.5. The shoulder heat flux was analyzed in this work by starting with the 

approach of Seiler-Marie et al. (2004) who proposed that the heating of a subcooled liquid, 

which wets the hot surface at each periodic bubble oscillation, is the main mechanism of the heat 

transfer in the heat flux shoulder region. Seiler-Marie et al. derived equation 2.10 by assuming 

that the vapor patches cannot be greater than the Rayleigh-Taylor critical wavelength. However, 

in a more general format, the following heat flux equation was proposed:  

        (6.3) 

Here K' is a constant, ρl is the density of water, and cp,l is the specific heat of water. tot is the 

total deceleration which is the sum of the gravitational and jet decelerations and Dcrit is the 

critical size of vapor patches. ΔTsub is subcooling which is the difference between the water 

temperature and the saturation temperature of the water. 

In the surface area close to the water jet, the jet pressure can increase the saturation temperature 

to higher temperatures than 100°C. However, the maximum increase in the highest local pressure 

for conditions related to cooling on the run-out table has been found to be less than 5°C (Seraj 

2011). Therefore, in this research the effect of jet pressure on the saturation temperature of the 

water is neglected and the saturation temperature is assumed to be 100°C. 

As discussed in section 2.2.1.3, the model of Seiler-Marie et al. (2004) is based on the Rayleigh-

Taylor instability and describes the shoulder heat flux at the stagnation point. In order to apply 

the model for the prediction of heat fluxes outside the stagnation point several factors need to be 

taken into account. First, the water velocity changes with distance which results in a component 
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of the velocity vector parallel to the surface. The stability of the vapor/liquid interface depends 

strongly on the local velocity of the liquid at the liquid/vapor interface, particularly on its parallel 

velocity component. Also, the subcooling will vary with distances from the stagnation point as 

heat released from the hot surface increases the temperature of the water.   

Therefore, in order to expand the model to different positions on the surface, the local values for 

γtot, Dcrit, and ΔTsub need to be found and incorporated into equation 6.3. The value of K' 

previously obtained by Seiler-Marie et al. (2004) for the stagnation point (K'=0.15) from the 

experimental data of Robidou et al. (2002) for steady-state cooling is kept the same.    

The total deceleration is calculated as: 

                      (6.4) 

where g is the gravitational deceleration and γjet is the effective jet deceleration along the plate 

surface that can be calculated from: 

                                (6.5) 

Here, the jet deceleration at the stagnation point (γjet,stag.) is given by (Seiler-Marie et al. 2004): 

      (6.6)  

 

where DH,ji is the jet hydraulic diameter which is equal to twice the jet width for a planar jet and 

is equal to the jet diameter for a circular jet.  

As discussed earlier, the concept of shoulder heat flux is based on the assumption that the 

instabilities at the vapor-liquid interface during jet impingement promote oscillations and 
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breaking of the vapor layer, subsequently resulting in increased heat transfer. The modeling of 

this phenomenon relies on the ability to determine the size of vapor patches.  

The liquid/vapor interface is stable if it can withstand a disturbance and still return to its original 

state. The aim of instability analysis is to determine the range of conditions for which the 

interface is unstable with respect to an arbitrary disturbance of the interface. 

Figure 6.2 shows the schematic of the two phase structure in the transition boiling regime during 

jet impingement cooling. Disturbances of all wavelengths may be present at the interface. 

However, only the amplitude of disturbances with long wavelengths will grow with time and 

cause the interface to become unstable (Carey 2007).  

 

Figure 6.2 Schematic of vapor patches on the surface in the transition bling regime and the liquid/vapor 

interface. The plot shows the critical size of diamater along the surface. 
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Although the Rayleigh-Taylor instability criterion can be applied for calculating the critical 

wavelength (λcrit) at the stagnation point, the instability criterion needs to be modified for other 

positions on the surface. Here, the relative velocity of liquid and vapor outside the stagnation 

point needs to be incorporated into the criterion to determine the stability of the vapor/liquid 

interface. The Kelvin-Helmholtz instability analysis predicts the critical wavelength of the 

vapor/liquid interface (λcrit): 

 

   (6.7) 

where σl/v is the surface tension of the vapor/liquid interface.  In the current analysis, the velocity 

of the vapor along the plate surface (uv) inside the vapor patches is assumed negligible compared 

to the streamwise (parallel) velocity component of the liquid (ul). The equation contains three 

terms. The first term which includes surface tension of the vapor/liquid interface (σl/v) is a 

stabilizer term. The other terms, however, related to total deceleration and relative velocity, 

respectively, tend to destabilize the interface.  

In the current study, similar to the work of Seiler-Marie et al. (2004), the critical diameter of the 

vapor patches (Dcrit) is assumed to be equal to the critical wavelength of the liquid/vapor 

interface. As long as the size of a vapor patch remains smaller than λcrit, it is assumed that there 

is no chance for the formation of a disturbance with a long wavelength (λ>λcrit) at its interface. 

Therefore, the vapor patch is stable. However, due to evaporation and growth of the vapor patch, 

the size of the vapor patch may become larger than λcrit after some time. In this condition, a 

disturbance with long wavelength (λ>λcrit) can form and cause the vapor patch to breakdown. It 

is assumed that vapor patches break down into smaller vapor patches with the size of the critical 
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diameter. Figure 6.3 shows an example of calculated critical diameter and shoulder heat flux 

profiles as a function of distance from the stagnation point. The critical diameter of vapor 

patches increases as the distance from the stagnation point increases. Then, as the pressure of the 

jet on the surface vanishes for positions far from the jet it remains constant. The shoulder heat 

flux decreases sharply close to jet impingement. However, for positions far from the jet 

(x>10mm), the shoulder heat flux remains constant. 

 

Figure 6.3 Calculated critical diameter of vapor patches and shoulder heat flux profiles: planar nozzle, 

FR=100 L/min, Twater=25C, Hn=100 mm, wn=3mm. Here, the water temperature is assumed constant along 

the plate surface. 

 

Water subcooling plays a key role in controlling the heat removal from the surface. In the area 

directly under the jet, the temperature of the water is the same as the one at the nozzle exit. 

However, as water flows away from this area, the heat extracted from the surface gradually 

x, mm

0 5 10 15 20 25

q
s
h
,T

B
 ,
 M

W
/m

2
 

0

5

10

15

20

25

30

D
c
ri
t, 

m
m

0

5

10

15

20
Planar jet
F.R. = 100 L/min
H

n
 = 100 mm

W
n
 = 3 mm



72 

 

increases the temperature of the water stream. The rise in the water temperature can be obtained 

by performing a steady-state heat balance, i.e. increment of increase in water temperature is 

given by 

      (6.8)   

 

Here, Ai is the surface area increment for the i
th

 position, and qi is the local heat flux at the 

surface. cp,l is the specific heat capacity for the liquid, and   l is the mass flux of the water at the 

nozzle exit. The distance step size for the area close to the jet (planar jet: x≤5cm, circular jet: 

r≤5cm) has been chosen 0.1mm. For the farther positions (planar jet: x>5cm, circular jet: r>5cm) 

a step size of 1mm has been chosen. The surface area increment for the planar jet cooling has a 

rectangular-shape, however for the circular jet has a ring-shape. Heat released from the surface 

may increase the water temperature, vaporize the water, and dissipate as radiation. In the above 

equation, β is the fraction of heat released which leads to an increase in the water temperature. In 

this study, β is considered as an adjustable parameter which is determined by comparison 

between calculated shoulder heat flux and experimental data. 

The comparison between model calculations and our available experimental database suggests 

that a second adjustable parameters (ψ), which is related to the size of the high heat flux area 

close to the jet, is necessary. Observations indicate that the size of the high heat flux area close to 

the jet is larger than the size of the impingement zone defined by the hydrodynamic equations 

(equations 4.1-9). Therefore, as a first approximation to calculate the total deceleration, the 

streamwise water velocity profile for the planar nozzle has been modified as follow: 

                        (6.9) 
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The normalized pressure profile for the planar nozzle (equation 4.8) has been calculated using 

the modified velocity profile. For the circular jet, the following modifications have been applied: 

                        (6.10) 

      
                         (6.11) 

As seen in figure 6.4a, the change in ψ affects the size of high heat flux area. The ψ has been 

chosen to be 3 for both planar and circular nozzles based on our comparison between the 

predicted heat flux profile and our experimental results. It should be noted that close to the 

stagnation point of the jet (x<~20mm), the shoulder heat flux has a very high heat flux value. 

Therefore, as shown in figure 5.4, the shoulder heat flux is not observed in the transient boiling 

curves close to the jet. 

After adjusting ψ in the model, β is adjusted as shown in figure 6.4b. For the case where the heat 

extracted from the surface does not increase the temperature of the parallel water flow (β=0), the 

shoulder heat flux decreases as the distance to the impinging point increases, up to a distance of 

30mm. After that point the heat flux remains constant and the model significantly overpredicts 

the heat flux in the parallel flow zone. Increasing the value of β leads to a gradual decrease of the 

heat flux in the parallel flow zone and β=0.5 was selected in the model proposed here. 

In order to verify the approach proposed in this study to describe the shoulder heat flux, the 

calculated heat flux can be compared with an independent experiment in the literature. The 

comparison between the prediction of proposed heat flux model and the steady-state 

experimental data of Robidou et al. (2002) is shown in figure 6.5. The figure shows the validity 

of the approach for calculating the shoulder heat flux along the surface of the plate. 
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(a) 

 

(b) 

Figure 6.4 Calculated shoulder heat flux vs. distance, experimental data from test SP01: planar jet, FR=100 

L/min, Twater=25°C, (a) different ψ and (b) different β. 
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Figure 6.5 Experimental data in Robidou et al. (2002) and the model prediction for the shoulder heat flux: 

planar jet, Vn=0.8m/s, Twater=84°C, Hn=6 mm. Bars show the scattering range in the shoulder heat flux 

measurements.  

 

6.4 Minimum heat flux (MHF) and film boiling 

A model for the heat flux at the Leidenfrost temperature has been proposed by Seiler-Marie et al. 

(2004) for the stagnation point. The model assumes that the total heat flux is a combination of 

two phenomena, i.e. liquid evaporation and liquid heating:  
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In order to extend the application of the model for positions beyond the stagnation point, two 
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6.8). Figure 6.6 compares the calculated minimum heat flux with the experimental data of 

Robidou et al. (2002) to verify the proposed approach.  

 

Figure 6.6 Comparison between calculated MHF using equation (6.12) and the experiment of Robidou et al. 

(2002).  

 

Most literature shows that the film boiling heat flux for the case of jet impingement cooling 

condition weakly depends on surface temperature (Robidou et al. 2002). This also has been 

shown in the experimental results of the present research. Therefore, in this study film boiling 

heat flux is assumed independent of surface temperature and has been set equal to qMHF, as 

calculated by equation 6.12.  
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6.5 Model application to transient cooling (construction of boiling curves) 

The different boiling regimes need to be combined to construct a boiling curve which represents 

the variation of the surface heat flux with surface temperature of steel over the range of 

temperatures applicable in the hot strip/plate mills. To do so, the following procedure is 

proposed: 

1. For surface temperatures higher than the Leidenfrost temperatures, the effective heat transfer 

mode is film boiling and the heat flux can be calculated using equation (6.12). The Leidenfrost 

temperature, as the lower temperature limit for the application of this equation, must be 

determined separately. As such, in the present study, the following empirical correlations were 

used to calculate the Leidenfrost temperature (in °C) for planar and circular jets, respectively: 

                                         
   

        (6.13) 

                                            
   

      (6.14) 

where x (m) is distance from the planar jet and r (m) is distance from the circular jet. ∆Tsub,stag. is 

the water subcooling at the stagnation point (∆Tsub,stag.=100°C-Twater,stag.). 

2. For surface temperatures immediately below the Leidenfrost temperature, the values of the 

heat flux increases linearly with a slope of 0.044 MW/m
2
°C from the Leidenfrost temperature. 

This straight line represents the first stage of the transition boiling regime as discussed in section 

5.4 and illustrated in figure 5.4b. The line will intersect either the transition boiling curve 

(shoulder heat flux) or the nucleate boiling curve depending on the distance from the jet, as 

shown in figure 6.7. From this point, the heat flux is calculated either using the correlations for 

the transition boiling shoulder heat flux, equation (6.3), or nucleate boiling, equation (6.1). In 

other words, for temperatures lower than the Leidenfrost temperature, the heat fluxes of nucleate 
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boiling and the transition boiling shoulder are determined at each surface temperature to identify 

the temperature range where the shoulder heat flux is below that of nucleate boiling. 

For low temperatures (100°C<Tsurface<~165°C), the heat transfer mechanism is partial nucleate 

boiling. As such, the following empirical correlation is used to calculate the heat flux at low 

temperatures: 

    42 1040.3202.1/  surfacePNB TmWq        (6.15) 

The procedure described in steps 1 and 2 leads to the construction of ideal boiling curves for 

cooling of a stationary plate. The schematic in figure 6.7a shows the construction of ideal boiling 

curves for three positions on the surface: (1) under the jet, (2) midway, and (3) far from the jet.  

3. Starting from the initial temperature of the plate, a straight line denoting the initial cooling 

stage is drawn with the slope of 0.044 MW/m
2
°C, as discussed in section 5.4. This method, 

which has also been applied by Li et al. (2007), helps determine the surface heat fluxes during 

the initial quenching stage of a stationary plate. The schematic in figure 6.7b shows the modified 

ideal boiling curved by adding the initial cooling stage. 

For the position under the jet (1), the film boiling region may exist or not depending on the initial 

surface temperature. Uncertainty at this position is because the stable vapor layer forms only if 

the initial temperature is high enough. Also, the heat flux level of the shoulder regime at a 

location under the jet may be too high to be reached in the transient cooling condition. However, 

the shoulder heat flux is present for positions (2) and (3). 

5. The transition at the intersections of the different boiling modes is made smoother by using a 

19-point moving average technique where the temperature spacing between two data points is 

5°C. 
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   (a)           (b) 

Figure 6.7 Schematic plots showing the procedure of combining boiling regimes for three positions; (1) under 

the jet, (2) midway, and (3) far from the jet: (a) ideal boiling curves (b) boiling curves with the initial cooling 

stage.  
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effects of the water flow rate and water temperature have been included in the model. Calculated 

and measured boiling curves for all experiments are shown in appendix C.  

  

          (a)            (b) 

Figure 6.8 Calculated and experimental boiling curves: (a) test SP01: planar jet, FR=100 L/min, Twater=25°C; 

(b) test SC01: circular jet, FR=15 L/min, Twater=25°C. Experimental errors are ±16% for the stagnation point 

and ±8% for positions away from the stagnation point. For clarity of presentation error bars are not shown. 
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then the slope of the reduction decreases. Although a few data points fall outside of the predicted 

curves, generally the model prediction is in a good agreement with the experimental data (figure 

6.10).  

  

(a) (b) 

  

(c) (d) 

Figure 6.9 Calculated and experimental maximum heat flux profiles for the planar jet: (a) different water 

flow rates (b) different water temperatures; and the circular jet: (c) different water flow rates (d) different 

water temperatures. 
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(a) 

 

(b) 

Figure 6.10 Calculated and experimental maximum heat flux profiles for (a) the planar jet and (b) the 

circular jet. 
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Figure 6.9b and 6.9c show that the agreement between the model and the experiment is outside 

of the zone of ±20% for some data points in experiments with a water temperature of 40°C. 

These discrepancies are mainly observed for positions close to the jet. The discrepancies can 

primarily be related to the prediction of the nucleate boiling curves using equation 6.1 (figure 

6.1, figure C.5 and C.10 in appendix C). The calculated heat flux is markedly larger than the 

measured one in the nucleate boiling regime at temperatures above 250°C for a water 

temperature of 40°C, and therefore, a higher maximum heat flux is predicted. 



84 

 

Chapter 7: Experimental results: moving plates 

 

 

7.1 Surface temperature and heat flux histories 

Two series of experiments were carried out to study the heat transfer of a moving steel plate 

during jet impingement cooling. In the first series which are called MP (Moving plate/Planar 

nozzle) tests, four experiments were performed with a single top planar jet to quantify the effect 

of plate speed on heat extraction. The nozzle gap (wn) was 3mm. Details of the experiments are 

summarized in table 7.1. As shown in the table, the flow rate and water temperature were kept 

constant in all experiments. The nozzle to plate surface distance (Hn) was 0.1 m, which is the 

same as in the experiments with stationary plates of chapter 5. 

In the second series of experiments which is called MC (Moving plate/Circular nozzle) tests, five 

experiments were carried out using a single top circular nozzle (dn=19mm). Details of these 

experiments are shown in table 7.2. Plate speed was kept at 1.0 m/s in all experiments. The 

nozzle to plate surface distance was set to 1.5 m, which is the same as in the experiments of 

Chan (2007), Jondhale (2007) and Franco (2008). The effects of water temperature and water 

flow rate on the heat transfer of a moving plate were investigated in this test series.  

Table 7.1 Test matrix for MP series; process parameters: moving plate, single planar nozzle, Hn=0.1m 

Test Vp, m/s FR, L/min Twater, °C 

MP01 0.2 100 25 

MP02 0.5 100 25 

MP03 1.0 100 25 

MP04 1.6 100 25 
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Table 7.2 Test matrix for MC series; process parameters: moving plate, single circular nozzle, Hn=1.5m 

Test Vp, m/s FR, L/min Twater, °C 

MC01 1.0 15 25 

MC02 1.0 30 25 

MC03 1.0 45 25 

MC04 1.0 15 10 

MC05 1.0 15 40 

 

A representative plate surface temperature history is shown in figure 7.1a for the test with a 

planar jet and a plate speed of 1 m/s. The surface temperature of the plate before the first cooling 

pass is about 680°C. Each drop represents one cooling pass. Figure 7.1b shows a closer look at 

cooling pass 6 of this experiment. Here, the surface entry temperature (Tentry) of the plate is 

~470°C before a sharp temperature drop to ~300°C. The sharp drop occurs when the plate passes 

beneath the water jet. After the plate leaves the water jet the temperature rebounds. The rebound 

in the temperature occurs due to heat conduction from the bottom of the plate which is still hot 

compared to the top surface.  

Figure 7.2 displays the calculated top surface heat flux vs. time for the same experiment shown 

in figure 7.1. For the first 4 cooling passes the peak heat fluxes are relatively low; i.e. 

approximately 4 MW/m
2
. However, a significant increase in the peak heat flux to ~8.5 MW/m

2 
is 

observed in cooling pass 6. After cooling pass 7, the peak heat flux decreases gradually. The 

increase in the peak heat flux followed by the decrease is consistent with the changes of heat flux 

in a boiling curve from high to low temperature. Figure 7.2b shows the heat flux history 

experienced during cooling pass 6. It is expected that the peak heat flux occurs when the TC 

position is at or very close to the impinging point of the jet.   
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(a) 

 

(b) 

Figure 7.1 Surface temperature vs. time, (a) 15 cooling passes and (b) cooling pass 6; process parameters: 

planar nozzle, FR=100 L/min, Twater=25°C, Hn=0.1 m.  
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(a) 

 

(b) 

Figure 7.2 Heat flux vs. time, (a) 15 cooling passes and (b) cooling pass 6; processes parameters: planar jet 

FR=100 L/min, Twater=25°C, Hn=0.1 m. 
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Figure 7.3 shows a typical variation of calculated heat fluxes using the IHC program with respect 

to the time for selected cooling passes with different entry temperatures. Results shown are for a 

test with a single circular nozzle and a plate speed of 1 m/s. The water flow rate is 30 L/min and 

the water temperature is 25°C. The heat flux was calculated using temperature data measured at 

the thermocouple which passes beneath the nozzle (y=0). As a first approximation, the peak heat 

flux can be associated with the location of the thermocouple at the stagnation point of the jet, and 

the variation of the heat flux with distance from the stagnation point can be clearly observed. The 

peak heat flux varies with surface temperature, which is consistent with the trends of a classical 

boiling curve. Furthermore, the heat flux curve is not symmetric. It stretches in the downstream 

direction indicating a larger area of efficient cooling past the stagnation point of the jet. It also 

extends further out for lower entry temperatures. These general trends are commonly observed in 

most experiments with different processing parameters. 

 

Figure 7.3 Heat flux vs. time for different entry temperatures, process parameters: single circular nozzle, 

FR=30 L/min, Twater=25˚C, Vp=1.0m/s, position: longitudinal center line (y=0). 
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7.2 Boiling curves 

7.2.1 Heat flux evolution with surface temperature 

Figure 7.4 shows the heat flux evolution with surface temperature for one cooling pass (pass 6) 

in test MP03. The heat flux starts to increase from a very low value consistent with air cooling at 

the entry temperature (here, Tentry≈470°C). As the plate moves toward the jet the heat flux 

increases while the surface temperature decreases. This trend continues until the TC location on 

the plate reaches the impinging point of the jet. After this point, which corresponds to the peak 

heat flux (PHF) point in figure 7.2b, the heat flux decreases. The surface temperature rebounds 

shortly after the PHF point. Finally, an air cooling regime with a low heat flux is reached again at 

the exit temperature (here, ~430°C). The trend of heat flux change vs. temperature highlights the 

complexity of the boiling heat transfer for transient cooling of a moving plate.  

 

Figure 7.4 Heat flux evolution vs. surface temperature during cooling pass 6; process parameters: planar jet, 

FR=100 L/min, Twater=25°C, Hn=0.1 m, cooling pass 6. The arrows show the path of heat flux evolution. 
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The peak heat fluxes for all cooling passes in test MP03 are shown in figure 7.5. The peak heat 

flux points are plotted against their corresponding surface temperatures. Since the nozzle is 

planar, the plate experiences the same temperature histories in all lateral positions. The peak heat 

flux follows a trend which is similar to a boiling curve for a stationary surface. The peak heat 

fluxes are almost constant at surface temperatures higher than ~480°C (TPHF,min) and the 

dominant boiling mechanism of heat transfer is expected to be film boiling. At temperatures 

lower than 480°C, the peak heat flux first increases with decreasing temperature indicating that 

the heat transfer mechanism has changed. It can be speculated that at temperatures below 

~480°C the stable vapor layer cannot withstand the pressure of the jet; therefore, the water jet 

penetrates and wets the surface at the impinging point of the jet. The heat transfer mechanism 

changes from film to transition boiling. The maximum peak heat flux is observed in the range of 

200 to 300°C. At even lower temperatures nucleate boiling is expected to be the boiling 

mechanism where the peak heat flux decreases sharply as the surface temperature decreases, as 

illustrated in figure 7.5. The change in the slope of the PHF plot at temperature around 150°C 

can be attributed to the boiling mechanism transition from fully developed nucleate boiling to 

partial nucleate boiling. 
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Figure 7.5 Peak heat flux vs. surface temperature, Process parameters: planar jet, FR=100 L/min, 

Twater=25°C, Hn=0.1 m. Experimental errors for PHF are ±16%. 

 

7.2.2 Effect of plate speed on boiling curves 

The effect of plate speed on PHF is shown in figure 7.6. For comparison, the boiling curve at the 

stagnation point for cooling of a stationary plate has been plotted in figure 7.6 as well. Water 

flow rate, water temperature, and nozzle-to-surface height are the same for all tests. In general, 

the PHF values in moving plate tests are lower than the qmax in the stationary plate test.  

For all plate speeds, the overall trends of PHF variation with surface temperature are identical. It 

can be observed that the plate speed has an effect on the peak heat fluxes in the regions of film 

boiling and transition boiling. However, the plate speed does not have an effect on the nucleate 

boiling region. This finding is consistent with the observation of Gradeck et al. (2009) for 

transient cooling of a rotating cylinder. 

Planar nozzle

Tsurface,oC

0 100 200 300 400 500 600 700

P
H

F
, 

M
W

/m
2

0

2

4

6

8

10

12

Vp = 1.0 m/s

PHFmin

PHFmax



92 

 

 

Figure 7.6 Effect of plate speed on peak heat flux, parameters: planar jet, FR=100 L/min, Twater=25°C, 

Hn=0.1m. Experimental errors for PHF are ±16%. 

 

For the very low plate speed of 0.2 m/s, the exposure time to the cooling water jet is 

comparatively high. Therefore, the amount of heat extraction from the plate in each cooling pass 

is such that the temperature of the plate is reduced to around 100°C after only three cooling 

passes. As seen in figure 7.5, the PHF of the first cooling pass is very high (~12.5 MW/m
2
). The 

temperature of the first PHF point is ~250°C and indicates that during the first cooling pass a 

substantial temperature drop happens. It is expected that if the initial temperature of the steel 

plate were higher, the same trend as the trends of PHF variation for higher plate speeds would be 

observed where nucleate boiling is attained in later cooling passes.  

As the plate moves faster, the transition and film boiling regimes are initially observed with a 
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maximum heat flux, PHFmax, decreases from 12.5 to 8 MW/m
2
 as the plate speed increases from 

0.2 to 1.6 m/s. The minimum peak heat flux, PHFmin, decreases from 4.5 to 2 MW/m
2
 as the plate 

speed increases from 0.5 to 1.6m/s whereas, the Leidenfrost temperature (temperature of PHFmin) 

decreases from 490 to 445°C. 

These experimental data will be used to incorporate the effect of plate speed in the construction 

of boiling curves for a moving plate (see chapter 8).  

 

7.2.3 Effect of lateral distance on boiling curves 

Because of the geometry of the planar nozzle, the heat transfer rate is the same at each lateral 

distance (y) from the centerline of the plate. However, due to the radial distribution of water for 

circular jets, it is expected that in this case the heat transfer rates are strongly dependent on the 

distance from the longitudinal centerline of a moving plate. Figure 7.7 shows the variation of 

PHF for three lateral distances of 0, 19, and 38 mm from the centerline of the plate. In this 

experiment, the water flow rate is 15 L/min, water temperature is 25°C, and the nozzle to plate 

distance is 1.5 m. As the distance increases, the pressure of the jet on the surface decreases, and 

hence the heat flux in the film boiling and the transition boiling regions decreases. However, no 

significant dependency of nucleate boiling heat flux on the lateral distance is observed.  

Figure 7.7 also shows that the Leidenfrost (PHFmin) temperature decreases as the distance from 

the jet in lateral direction increases. This verifies that at high temperature, the lateral width of the 

wetted zone is narrow. As the temperature decreases, the wetted zone propagates in the lateral 

direction. According to the figure, at temperatures above ~430°C, all measured locations, i.e. 

0mm, 19 mm and 38 mm, are outside of the wetted zone while at temperatures below ~240°C, 

they are all inside the wetted zone. 
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Figure 7.7 Peak heat flux vs. surface temperature, parameters: circular jet, FR=15 L/min, Twater=25°C, Vp=1 

m/s, Hn=1.5 m. P# shows the cooling pass number in the test. Experimental errors for PHF are ±16%. 

 

Contour plots are a good representation of the overall cooling condition on the surface of a 

moving plate. The contours can be plotted by transforming the surface heat flux data points from 

time coordinates to distance coordinates based on the plate speed. The heat flux data points for 

all lateral positions are combined and contour plots are generated. Figure 7.8 shows the heat flux 

contour plots for cooling passes of 2, 5, and 10 in test MC01. The moving direction of the plate 

is from left to right. The corresponding cooling pass numbers i.e. P2, P5, and P10 are shown in 

figure 7.7 as well. 

As is seen in figure 7.7, film boiling is the dominant heat transfer mechanism during water 

cooling in all positions during cooling pass 2. In fact the entry temperature of the plate is high 

enough (Tentry=520°C) such that no wetted area is observed during this cooling pass.  Figure 7.8a 
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shows the heat flux contour plot of this cooling pass. The contour plot shows that the heat 

extraction during this cooling pass is at all points below 3 MW/m
2
. 

 

 

Figure 7.8 Contour plot showing the surface heat flux (MW/m
2
) for the test parameters: circular jet, FR=15 

L/min, Twater=25°C, Vp=1 m/s, Hn=1.5 m. 
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As can be seen in figure 7.7, in cooling pass 5, the positions of 0 and 19 mm are in the wetted 

zone and the heat flux in the wetted zone is relatively high (~7-10 MW/m
2
). However, the lateral 

position of 38 mm is still in the non-wetted zone.  The contour plot in figure 7.8b clearly shows 

the size and the shape of the high heat flux area inside the wetted zone.  

According to figure 7.7, in cooling pass 10 (with an entry temperature of 240°C) all three lateral 

positions are in the wetted zone and the heat transfer mechanism is nucleate boiling. The contour 

plot of pass 10 (figure 7.8c) shows that the high heat flux zone (~4-6 MW/m
2
) has grown to 

cover a wide surface area. This leads to more uniform cooling across the width of the plate.  

 

7.3 Integrated heat flux 

Although plots of the peak heat flux vs. surface temperature (e.g. figures 7.5-7) represent the 

characteristic trend of boiling regimes during jet impingement cooling of moving plates, for each 

lateral position, these plots only show one data point in each cooling pass. The heat flux profile 

in upstream and downstream regions is not reflected in this type of plot. In order to present the 

amount of heat extracted from the plate during one cooling pass, the heat flux data can be 

integrated over time. Then, the integrated heat flux can be plotted with respect to the entry 

temperature of the plate in each cooling pass.  

In order to perform the integration, the start and end points for the time domain need to be 

defined and the procedure must be kept consistent in all analyses. The start time is chosen as the 

time at which the heat flux at the centerline of the plate (y=0) rises to 0.1 MW/m
2
. The selection 

of this value takes into account the background noise in the experimental heat flux data, such that 

this value is close to air cooling conditions while reasonably capturing the entire heat flux 
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associated with a single jet. The start time for integration is found from the data at the centerline 

of the plate, and then is applied to the heat flux integration in all lateral TC positions. 

For multiple nozzle cooling systems, the time that the plate needs to travel between two 

neighboring jet-lines can be used as the integration time interval (the time difference between 

start point and end point). However, in the present study where a single nozzle is applied, the 

integration time interval value needs to be defined differently. Different distances (0.5, 1.0, 2.0 

and 3.0 m) were chosen and corresponding times that the plate needs to travel these distances 

were calculated based on the plate speed. The calculated time values were applied as the 

integration time intervals. Figure 7.9 shows the calculated integrated heat flux vs. entry 

temperature for different integration time intervals (0.5, 1.0, 2.0, and 3.0 s). Significant 

variations in the data are observed for entry temperatures between ~120°C and ~250°C. The 

reason is that in cooling passes with a low entry temperature, the water evaporation rate is 

relatively low, and therefore, a layer of water still exists on the plate surface for a time period 

after the plate leaves the jet. This increases the amount of heat extracted from the plate in each 

cooling pass. However, at entry temperatures higher than ~250°C, as shown in figure 7.9, the 

integration time interval does not significantly affect the calculated integrated heat flux. In order 

to be consistent throughout the heat transfer study for single nozzle tests, the time interval of 2 s, 

which corresponds to a distance of 2 m, was chosen in all subsequent analyses. Calculation of the 

integrated heat flux using this value (2 m) captures the actual and more practical trend of heat 

extraction in the entire entry temperature range.  
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Figure 7.9 Effect of time interval on the integrated heat flux; process parameters: circular jet, FR=15 L/min, 

Twater=25°C, Vp=1 m/s, Hn=1.5 m, y=0. Experimental errors for the integrated heat flux are ~±8%. For clarity 

of presentation error bars are not shown. 

 

Figure 7.10 shows the variation of the integrated heat flux with respect to the entry temperature 

for different water flow rates, a water temperature of 25°C and plate speed of 1 m/s. Figure 7.10a 

shows this variation at the plate’s centerline (y=0), which passes under the nozzle when the plate 

moves. As expected, the overall heat extraction from the surface increases at higher temperatures 

as the water flow rate increases. Further, at entry temperatures lower than ~200°C, the integrated 

heat flux does not depend on the water flow rate. In fact, it only depends on the entry 

temperature of the cooling pass. This dependency is very pronounced since small changes in the 

entry temperature of the plate can significantly change the amount of heat extraction. 

In cooling passes with entry temperatures in the range of ~250-450°C, the integrated heat flux 

remains almost constant. As the water flow rate increases from 15 to 30 L/min, the average 

Entry temperature, 
o
C

0 100 200 300 400 500 600 700 800

In
te

g
ra

te
d

 h
e

a
t 

fl
u

x
, 

M
J
/m

2

0.0

2.0e-1

4.0e-1

6.0e-1

8.0e-1

1.0e+0

1.2e+0

0.5 s (0.5 m)

1.0 s (1.0 m)

2.0 s (2.0 m)

3.0 s (3.0 m)

Integration time interval



99 

 

integrated heat flux increases from 0.6 to 0.8 MJ/m
2
. However, a further increase in water flow 

rate from 30 to 45 L/min, only increases the integrated heat flux ~0.1 MJ/m
2
. Moreover, the 

entry temperature corresponding to the Leidenfrost point increases from 510 to 590°C as the 

water flow rate increases from 15 to 45 L/min. 

Figure 7.10b shows the variation of the integrated heat flux at a lateral position of 38mm 

(y=38mm). At low entry temperatures (<200°C), trends similar to those as seen at y=0mm are 

observed and the integrated heat flux does not depend on the water flow. Moreover, the amount 

of heat extraction is the same as at the centerline of the plate (y=0). In other words, the integrated 

heat flux in cooling passes with entry temperatures lower than 200°C is the same and uniform 

across the plate width for different water flow rates (15 to 45 L/min). At entry temperatures 

between 250 to 450°C, strong dependency of the integrated heat flux on the water flow rate can 

be seen. The integrated heat flux increases from 0.1 to 0.8 MJ/m
2
 by increasing the water flow 

rate from 15 to 45 L/min. At entry temperatures higher than 450°C no significant influence of the 

water flow is observed.  
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(a) (b) 

Figure 7.10 Integrated heat flux (a) at y=0mm, (b) at y=38mm; Process parameters: circular jet, Twater=25°C, 

Vp=1 m/s, Hn=1.5 m. 

 

Figure 7.11 shows the variation of the integrated heat flux for different water temperatures for a 

water flow rate of 15 L/min and a plate speed of 1 m/s. At both lateral positions, i.e. y=0mm and 

y=38mm, the integrated heat flux decreases at higher plate temperatures as the temperature of 

water increases since the ability of water to absorb heat decreases. However, the integrated heat 

fluxes at both positions are independent of the water temperature in cooling passes with a low 

entry temperature (<200°C).  For the position of y=0mm, an increase of water temperature from 

10 to 40°C decreases the average integrated heat flux from ~0.7 to ~0.5 MJ/m
2
 in the 

temperature range of ~250-450°C. For entry temperatures higher than 450°C, the decrease in the 

amount of heat extracted from the surface is not significant as the water temperature increases 

from 10 to 40°C. At the position of y=38mm, a clear decrease in the integrated heat flux is 
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observed as the water temperature increases from 10 to 25°C. However, no significant decrease 

in the integrated heat flux is observed as water temperature increases further from 25 to 40°C.   

  
(a) (b) 

Figure 7.11 Integrated heat flux (a) at y=0mm, (b) at y=38mm; Process parameters: circular jet, FR=15 

L/min, Vp=1 m/s, Hn=1.5 m. 

 

The effect of plate speed on the integrated heat flux is presented in figure 7.12 for the tests with a 

planar jet, a water flow rate of 100 L/min and a water temperature of 25°C. As the plate moves 

slower, it experiences a longer exposure time in the cooling section. Therefore, higher heat 

extraction is attained at lower plate speeds. As shown in figure 7.12, for the plate speed of 0.2 

m/s, in the first cooling pass with the entry temperature of 630°C, substantial heat energy (4.8 

MJ/m
2
) is removed from the plate. According to the peak heat flux plot (figure 7.6), the exposure 

time to the cooling section is long enough that in the first cooling pass the surface temperature 

reaches 250°C at the impinging point of the jet. As such, the nucleate boiling regime becomes 

the dominant heat transfer mechanism in the area under the jet. In the second cooling pass with 
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an entry temperature of 410°C, higher integrated heat flux is observed (6.3 MJ/m
2
). Due to the 

high heat extraction in the second cooling pass, the plate temperature decrease is very 

pronounced such that the entry temperature of the third cooling pass is around 160°C.  

 

Figure 7.12 Integrated heat flux; process parameters: planar jet, FR=100 L/min, Twater=25°C, Hn= 0.1 m. 

(here, the integration time interval is equal to the time that the plate needs to travel 2m). 

 

For plate speeds of 0.5, 1.0, and 1.6 m/s more cooling passes are observed because the amount of 

heat extraction in each pass is much lower than for a plate speed of 0.2 m/s. Although the 

experimental data clearly show that the overall heat extraction decreases with increasing plate 

speed, plate speed has a marginal influence at low entry temperatures (<250°C). Beside the 

differences in the amount of heat removal for each plate speed, the maximum of the integrated 

heat flux plots shifts to lower entry temperatures as the plate moves faster. For the plate speed of 
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0.2 m/s, the maximum of integrated heat flux is observed at 410°C, whereas for the plate speed 

of 1.6 m/s, the maximum occurs at 240°C. 
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Chapter 8: Cooling model for moving plates 

 

 

8.1 Single nozzle  

8.1.1 Overview 

The cooling model developed in this chapter is intended to simulate the temperature evolution of 

a moving steel plate cooled by water jets and to rationalize the results of chapter 7. A model is 

first developed for a single planar nozzle as well as a single circular nozzle. In section 8.2, the 

model is applied to predict temperature evolution of a moving plate cooled by a double jet-line 

array.    

The schematic of the single nozzle systems that are modeled is given in figure 8.1. Figure 8.1a 

shows a single planar nozzle cooling system. Due to the geometry of the planar nozzle system, 

one position at the lateral direction of the plate can represent the thermal changes along the y 

direction. However, for the circular nozzle system due the radial distribution of the water flow 

(figure 8.1b), more than one position along the lateral direction of the plate must be chosen for 

the temperature analysis. Details on the assumptions made in the present model are discussed in 

the following sections.  
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(a) 

 

(b) 

Figure 8.1 Schematic of plate and nozzle, (a) planar nozzle system, (b) circular nozzle system.  
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8.1.2 Calculation of boiling curves: effect of plate speed 

The cooling model uses boiling heat transfer correlations (boiling curves) to impose the thermal 

boundary conditions on heat conduction within the plate. Therefore, the first step in the 

temperature prediction model is to map the family of boiling curves for a moving plate cooled by 

impinging jets on the top surface. 

The procedure discussed in chapter 6 can map the family of boiling curves for a stationary plate. 

However, plate motion influences the heat transfer rate of the plate on the run-out table. This 

influence has not received much attention in the literature. According to the experimental results 

in figure 7.6, the heat flux in high and mid temperature ranges, where the dominant heat transfer 

mechanisms are film and transition boiling, is highly affected by the speed of the plate such that 

increased plate speed leads to a decrease of heat flux. In contrast, the nucleate boiling heat flux 

does not show any dependency on plate speed.  

In order to incorporate the effect of plate speed on the boiling curves, the transition and film 

boiling portions of the boiling curves are scaled with respect to plate speed (figure 8.2). To do so, 

the shoulder heat flux, the minimum heat flux (MHF), and the Leidenfrost temperature are scaled 

by introducing suitable scaling factors, i.e.: 

   xVqSxVq pshVppsh
,0., ,1          (8.1) 

   xVqSxVq pMHFVppMHF ,0., ,2          (8.2) 

   xVTSxVT pMHFVppMHF
,0., ,3          (8.3) 

where S1,Vp, S2,Vp, and S3,Vp are the scaling factors.  qsh(Vp=0,x), qMHF(Vp=0,x), and TMHF(Vp=0,x) 

are the shoulder heat flux, the minimum heat flux, and the Leidenfrost temperature in the boiling 
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curves of a stationary plate, respectively. To find the scaling factors, the normalized values of 

PHFmax, PHFmin, and TPHF,min are used. These three values are taken from the plots of peak heat 

flux vs. surface temperature (figure 7.6) for the impinging point of the water jet (x=0) and 

presented in figures 8.3 and 8.4 as a function of plate speed. The following linear correlations are 

found: 

pVp VS 257.01,1            (8.4) 

pVp VS 334.01,2            (8.5) 

pVp VS 084.01,3            (8.6) 

when the plate speed, Vp, is in m/s. The scaling factors are used to calculate qmax, qMHF, and TMHF 

for a moving plate. Then, the new values of qmax, qMHF, and TMHF are used to construct a boiling 

curve for a moving plate at the impinging point of the jet (dotted curve in figure 8.2). 

To construct the evolution of the heat flux curve with time for a cooling pass the longitudinal 

distance from the impinging point of the jet is considered that can be obtained by translating time 

into distance as described in chapter 7. Then, it is assumed that the heat flux for each different 

position can be obtained by scaling the stationary heat flux as a function of longitudinal distance 

(see e.g. figure 6.8a) using the same scaling factors as proposed in equations 8.4-6. 
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Figure 8.2 Procedure for scaling boiling curve. 

 

Figure 8.3 Variation of PHFmax and PHFmin with plate speed. The experimental errors are ±16%. 
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Figure 8.4 Variation of TPHF,min with plate speed. 

 

8.1.3 Calculation of boiling curves: effect of lateral distance in circular nozzle system 

Due to the complexity of the hydrodynamics of water flow during cooling of a moving plate by a 

circular water jet, empirical characterization of the heat transfer rate is found to be the most 

appropriate approach. For cooling at the centerline of the plate, the same scaling factors 

developed in section 8.1.2 are used. For the lateral positions on the plate, the experimental data 

obtained in this research (MC test series in chapter 7) and also the experimental data of Chan 

(2007) (table 8.1) serve as the basis for characterizing the boiling heat transfer. In these sets of 

experiments, a single circular water nozzle was used and the heat transfer rates were measured 

not only at the longitudinal centerline of the plate (y=0) but also in other lateral positions.  
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Table 8.1 Available experimental database for cooling of moving plates with single circular nozzle (Chan 

2007) 

Test  
Number of 

nozzles 
Vp, m/s FR, L/min Twater,˚C Hn, m 

C01 1 0.6 30 25 1.5 

C02 1 1.0 30 25 1.5 

C03 1 1.3 30 25 1.5 

 

According to figure 7.7, the nucleate boiling heat flux does not change with lateral distance. The 

heat flux in the film boiling and transition boiling regimes is reduced as the distance from the 

longitudinal centerline of the plate increases. Based on the trend of the heat flux changes with 

surface temperature, the following scaling equations are proposed: 

   x,yq.Sx,yq
shlat,sh

0
1

                (8.7) 

   xyqSxyq MHFlatMHF ,0., ,2          (8.8) 

   xyTSxyT MHFlatMHF ,0., ,3          (8.9) 

where S1,lat, S2,lat, and S3,lat are three scaling factors for qsh, qMHF, and TMHF, respectively. 

qsh(y=0,x), qMHF(y=0,x), and TMHF(y=0,x) are the shoulder heat flux, the minimum heat flux, and 

the temperature of the minimum heat flux in boiling curves of a moving plate at y=0, 

respectively. qsh (y,x), qMHF(y,x), and TMHF(y,x) are the shoulder heat flux, the minimum heat 

flux, and the temperature of the minimum heat flux, in boiling curves in lateral positions of a 

moving plate, respectively. 

Figures 8.5-7 show the lateral variations of PHFmax, PHFmin , and TPHF,min, when normalized to 

their respective values under the jet line for a range of different cooling conditions. The 

dependency of these normalized PHFmax, PHFmin, and TPHF,min does not markedly depend on 
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water flow rate and plate speed. Therefore, the scaling factors can be expressed as function of the 

lateral distance such that: 
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where y/dji is the normalized distance in lateral direction from the centerline of the plate (y=0) in 

the single nozzle cooling system. These scaling factors are indicated by the solid lines in figures 

8.5-8.7. 

 

Figure 8.5 Normalized PHFmax profile in lateral direction. 
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Figure 8.6 Normalized PHFMIN profile in lateral direction. 

 

Figure 8.7 Normalized TPHF,MIN profile in lateral direction. 
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8.1.4 Construction of boiling curves for moving plates 

To find the complete boiling curve a similar procedure is used to the one proposed in section 6.5.  

Figure 8.8 summarizes the procedure for mapping the scaled boiling curves for a moving plate. 

Here, the scaled values of qmax, qMHF, and TMHF are used to build the curves. Figure 8.9 shows 

some examples of the calculated boiling curves for planar jet cooling. Boiling curves at x=0 

(impinging point of the jet) are plotted in figure 8.9a for plate speeds of 0, 0.5, and 1.5 m/s. It 

should be noted that in the cooling model idealized boiling curves are used. Hence, the initial 

cooling (IC) stage is not included in the calculated boiling curves. Figure 8.9b shows the 

calculated boiling curves for different plate speeds at a distance of 120mm from the nozzle. As 

explained in section 8.1.2, the same scaling factors are used as given in equations 8.4-6 for 

boiling curves for all positions at the longitudinal direction.  

 

 

Figure 8.8 Procedure for scaling the idealized boiling curve for a moving plate. 
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(a) 

 

(b) 

Figure 8.9 Effect of speed on the calculated boiling curves, (a) at x=0 mm and (b) at x=120mm. Process 

parameters: planar nozzle, FR=100 L/min, Twater=25°C, Hn=0.1 m. The boiling curves have been calculated 

using the model procedures presented in section 6.5 in combination with the scaling factors.  

 

Tsurface, 
oC

0 200 400 600 800

q
, 

M
W

/m
2

0

2

4

6

8

10

12

14

16

18
Vp = 0 m/s

Vp = 0.5 m/s

Vp = 1.5 m/s

Planar nozzle
x = 0mm

Tsurface, 
oC

0 200 400 600 800

q
, 
M

W
/m

2

0

2

4

6

8

10

12

Vp = 0 m/s

Vp = 0.5 m/s

Vp = 1.5 m/s

Planar nozzle
x = 120mm



115 

 

For mapping boiling curves in lateral positions of a circular nozzle, the proposed scaling factors 

in equations 8.10-12 are used. Figure 8.10 shows some examples of the calculated boiling heat 

fluxes for different lateral positions with respect to the longitudinal centerline of the moving 

plate. 

 

(a) 

 

(b) 

Figure 8.10 Scaled boiling curves in lateral direction, (a) at x=0 mm and (b) at x=60mm. Process parameters: 

circular nozzle, FR=30 L/min, Twater=25°C, Vp=1.0m/s, Hn=1.5 m. 
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8.1.5 Water front  

When a water jet impinges on a moving surface, the deposited water flows toward the upstream 

and downstream regions. In the downstream region, the flow of water is facilitated by the motion 

of the surface because water flow and surface motion are in the same direction. However, in the 

upstream region, the surface motion is in the opposite direction of the water flow on the surface 

and this can restrict the water coverage area and leads to the formation of a water front in the 

upstream region (figure 8.11). In the area between the impinging point of the jet and the edge of 

the water front, the plate surface is covered and cooled with water. However, beyond the position 

of the water front, the plate is dry and the heat transfer mechanisms are convective and radiative 

air cooling. Hence, it is important to determine the position of the water front in order to apply 

the correct heat transfer mechanism in the upstream region. 

 

Figure 8.11 Water front in the upstream region of the jet impingement cooling. 
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Experimental work by Seraj (2011) using a single top circular jet and a moving plate at room 

temperature reveals that when the plate speed increases, the water front distance from the nozzle 

decreases. It has also been reported that the jet impingement velocity or water flow rate has an 

important influence on the location of the water front with respect to the nozzle. The increase of 

the water flow rate can increase the water front radius and expand the water upstream region on a 

moving surface. The empirical correlation of Seraj (2011) is applied here to calculate the water 

front distance at the centerline of the plate in the cooling model: 
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           (8.13) 

where dWF,circular is the distance between the water front and the impinging point of the circular jet 

at the centerline of the plate (m),  FR is water flow rate (m
3
/s), dn is  the nozzle diameter (m), and 

νl is the kinematic viscosity of the water (m
2
/s). In the current study it is assumed that the 

location of the water front with respect to the impinging water jet is independent of temperature 

of the plate surface. The water front in the upstream region across the plate width is not flat and 

has a curvature due to the radial flow of water impinging from a circular jet (figure 8.2). 

However, close to the centerline of the plate (-3.5dn<y<3.5dn), the water front has a minimum 

curvature and has a fairly flat front. In order to have uniform cooling on industrial run-out tables, 

nozzle are placed relatively close to each other in one jet-line (Sn<7dn). Therefore, in the cooling 

model the water front is assumed to be flat and is located at the distance of dWF from the jet (or 

the jet-line). 

For the planar jet, no correlation has been found in the literature. Therefore, equation (8.13) has 

been modified for use with a planar jet. To do so, dn is replaced with the jet hydraulic diameter at 
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the nozzle exit (dH) and FR is replaced by Vn/4dH
2
. The distance between the water front and 

planar nozzle (dWF,planar) is given by: 

36.0

39.0

2

,

, 4



































l

Hp

lH

H

n

PlanarWF

H

PlanarWF
dV

d

d

V

C
d

d
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The constant value, CWF,Planar, is determined later (see section 8.1.7.1) in order for the predicted 

heat flux curves to match the corresponding experimental curves.   

In the current study, it is assumed that the water covers the entire downstream region. Therefore, 

the mechanism of heat transfer in the downstream region is only water cooling.  

 

8.1.6 Heat conduction within the plate 

After determining the appropriate heat transfer mechanism at the top surface of a moving plate, 

the heat conduction within the plate needs to be analyzed. The general heat conduction equation 

inside a solid which is moving in x direction is 
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However, due to the geometry of the plate and also the conditions on the run-out table, the 

following assumptions can be made for simplification: 

1. Since the thickness of the plate is much smaller than the other dimensions, the heat conduction 

along x and y axes is negligible, i.e. 

0
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2. During the cooling operation on the run-out table the temperature of the plate at any fixed 

position with respect to the ground does not change with time (Filipovic 1990). Therefore, the 

temperature field inside a long plate along the moving direction (x) can be assumed to be at 

steady-state: 

0
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           (8.18)
 

3. Time (t) can be transformed to the position in x direction using the plate speed, i.e.: 

tVx
x

             (8.19) 

By taking the derivative of the last equation with respect to the temperature and substituting the 

resulting term for Vx into equation 8.15, the following governing equation is derived which is 

applicable for cooling of a moving plate: 
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The 1D domain and the governing equation are discretized using a finite difference method with 

the Forward Euler scheme. 

To solve the differential heat conduction equation, the boundary conditions need to be applied. 

The boundary conditions are expressed as: 

   44

  TTTTh
dz

dT
k air      (bottom surface: air cooling)         (8.21) 

surfacetopq
dz
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k         (top surface: water cooling or air cooling)   (8.22) 
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Here σ is the Stefan–Boltzmann constant (5.67·10
-8 

W/m
2 
˚C

 4
) and ε is the emissivity factor 

(0.8). hair is the free convective heat transfer coefficient which is taken to be 12 W/m
2
˚C (Nobari 

and Serajzadeh 2011). The ambient temperature (T∞) is assumed to be 25°C and the initial 

thermal condition is given by 

 
entry

Tt,zT  0
          (8.23)

 

The thermal diffusivity of steel (α) as a function of temperature (in °C) is given by 

 (8.24) 

 

A flow chart of the cooling model developed in this study is shown figure 8.12. At the beginning, 

the cooling model generates the family of boiling curves for a moving plate. The initial position 

of the plate is assumed at 1 m from the nozzle. At each time step, the plate position is calculated 

based on the plate speed. Thermal boundary conditions are applied based on the position of the 

plate (x) with respect to the nozzle and plate surface temperature. Then the transient heat 

conduction inside the plate is calculated and a new temperature profile inside the plate is 

recorded. At the next time step, the new surface temperature is used to determine the heat flux 

from the top and the bottom surfaces of the plate. Then, the transient heat conduction inside the 

plate is solved. This procedure is repeated until the final time is reached and the calculation of 

the temperature of the plate stops. The final time is considered as the time that the plate reaches a 

distance of 1 m from the nozzle. To run the model, time step and node spacing dependency were 

investigated. These parameters were refined until changes in the output of the model (i.e. top 

surface temperature) were less than 0.5% for different cooling conditions. In all analyses, a node 

spacing of 0.2 mm and a time step of 0.5 ms are applied.   
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Figure 8.12 Flow chart of the cooling model for temperature simulation of a moving plate. 
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In the case of a circular nozzle system, the family of boiling curves for different lateral positions 

needs to be generated as discussed in section 8.1.3. For each lateral position, the heat conduction 

equation is solved separately. The number of lateral positions in the model is considered equal to 

the number of thermocouples used in the lateral direction in the experiment. 

As an example, figure 8.13 shows the calculated temperature of the plate at four different depths 

from the top surface during a cooling pass with an entry temperature of 455°C. The temperature 

at top surface drops about 180°C. As the plate leaves the nozzle the surface temperature 

rebounds. At the bottom surface (6.6mm), the temperature decreases with a very slow cooling 

rate since the mechanism of heat transfer at this surface is natural air cooling. 

 

 

Figure 8.13 Calculated temperature of the plate for one cooling pass, Vp=1 m/s, FR=15 L/min, Twater=25°C, 

y=0. 
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8.1.7 Verification 

8.1.7.1 Planar jet 

The cooling model developed in this chapter is used to simulate the temperature history of the 

steel plate as it is moving while being cooled by a single top jet. The validity of the cooling 

model is examined by applying the actual process parameters used during experiments (MP 

tests) on the pilot scale run-out table facility and comparing the cooling model predictions with 

the measured heat fluxes and temperatures.   

Figure 8.14 shows an example of the calculated and measured heat flux and surface temperature 

variations during one cooling pass. The experimental data shown here is from test MP03, i.e. a 

plate speed of 1.0 m/s, a flow rate of 100 L/min, and water temperature of 25°C. The nozzle 

height is 0.1m and plate length is 0.6m. The entry temperature which is the surface temperature 

of the plate just before the cooling pass was 470°C. These process parameters are first applied in 

the boiling curve model to map the family of boiling curves. Then the boiling curves are used to 

simulate the temperature history as the plate moves. In the cooling model, the distance between 

the initial position of the lateral centerline of the plate and the planar jet is set to 1 m for all 

simulations in this chapter. At the distance of 1 m from the nozzle, the entire plate is outside the 

cooling zone and is completely dry.  

Figure 8.14a shows the calculated top surface heat flux histories for one cooling pass. The heat 

flux is initially very small since the plate is dry and the heat transfer mechanisms are convective 

and radiative air cooling. After the plate’s lateral centerline reaches the water front and enters the 

upstream region of water flow, the surface heat flux starts to increase. After reaching its peak 

value the heat flux decreases and when the whole plate leaves the water cooling zone (t=1.3 s), 
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the heat transfer mode switches from boiling heat transfer to air cooling heat transfer. The 

calculated heat flux history is in a good agreement with the experimental results. A constant 

value in equation 8.14, CWF,Planar, of 25.84 is applied such that the predicted heat flux curve 

matches with the corresponding experimental curves. This constant is applied in further analyses 

in this research for cooling with a planar jet. 

 

 

Figure 8.14 Comparison with experimental results, planar jet, FR=100 L/min, Twater=25°C, Vp=1 m/s, entry 

temperature: 470°C: (a) heat flux vs. time, (b) heat flux vs. distance, (c) heat flux vs. surface temperature, and 

(d) surface temperature vs. time. Thin dashed lines in figure c show the boiling curves at different 

longitudinal distances from the impinging point of the jet. These lines are used as the boundary condition to 

analyze the heat conduction within the plate. 

(a)  (b)  

(c)  (d)  
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Figure 8.14b shows the variation of heat flux in longitudinal direction (plate moving direction), 

i.e. transforming time to distance using the plate speed. The water front position in figure 8.14b 

is where the heat transfer mechanism at the top surface changes from air cooling to water 

cooling. The calculated distance between the nozzle and the water front (dWF) is ~15.0 cm. Also, 

the position is shown where the entire plate leaves the jet.  

In contrast to a stationary plate, the residence time under the cooling section is limited for a 

moving plate. Therefore, using the cooling model, heat flux evolution along the plate moving 

direction is determined step by step. At each time step, heat flux from the top surface is 

calculated based on the position of the plate (x) with respect to the nozzle and plate surface 

temperature. The model prediction and experimental data for heat flux are shown in figure 8.14c. 

Also, the boiling curves, calculated based on the procedure described in section 8.1.4, are 

superimposed. These boiling curves are used as the boundary condition during water cooling 

period. In the current study, the same scaling factors are used for the upstream and downstream 

regions of the impinging jet. The asymmetry in the heat flux curve is related to the differences in 

surface temperature.  

This plot gives valuable information about the boiling mechanisms which play a role in the 

cooling process. In the upstream region, the distance of a plate location from the stagnation point 

decreases as the plate approaches the impingement region. Accordingly, the heat flux increases 

until it reaches a maximum at the impinging point of the jet. Subsequently, in the downstream 

region, the heat flux decreases. Although the temperature first decreases in the short downstream 

region, after passing the stagnation point it starts to rebound significantly due to the thermal mass 

of the plate. This temperature rebound affects the heat flux evolution path.  
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For the plate approaching the jet impingement region (upstream region) in figure 8.14, heat flux 

is controlled first by film boiling and then by transition boiling. When the plate leaves the jet the 

boiling mechanism becomes film boiling again after some distance. In this cooling pass, the 

entry temperature is high enough, such that the temperature does not reach the temperature 

corresponding to nucleate boiling, even at the impinging point of the jet. 

Figure 8.14d shows the surface temperature as a function of time which is an important output of 

the model. The predicted surface temperature is in reasonable agreement with the experimental 

data. 

Since the plate surface temperature is a significant factor affecting the boiling heat transfer 

behavior, the cooling model is verified with different entry temperatures. Figures 8.15a and 

8.15b show the heat flux and surface temperature histories for a high (720°C) and a low (330°C) 

entry temperature. As seen in figure 8.15, the cooling model is capable to predict the peak heat 

flux as well as the variation of heat flux in upstream and downstream zones very well. In the 

cooling pass with 720°C the surface maximum temperature drop is about 80°C while for the 

cooling pass with low entry temperature (330°C) the drop is about 180°C. The figures show that 

the cooling model can predict the surface temperature for both high and low entry temperatures.   
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          (a)             (b) 

Figure 8.15 Heat flux and surface temperature histories, FR=100 L/min, Twater=25°C, Vp=1 m/s (a) entry 

temperature: 720°C and (b) entry temperature: 330°C. 

 

8.1.7.2 Circular jet  

Figure 8.16 compares the cooling model and the experimental results for circular jet cooling of a 

moving plate with a speed of 1.3 m/s at the longitudinal centerline of the plate (y=0). The length 

of the steel plate is 1.2 m, nozzle height is 1.5 m, water flow rate is 30 L/min, and water 

temperature is 25°C. The entry temperature of the plate is 375°C. 
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Figure 8.16 Comparison with experimental results, circular jet, FR=30 L/min, Twater=25°C, Vp= 1.3 m/s, entry 

temperature: 375°C, y=0: (a) heat flux vs. time, (b) heat flux vs. distance, (c) heat flux vs. surface 

temperature, and (d) surface temperature vs. time. Thin dashed lines in figure c show the boiling curves at 

different longitudinal distances from the impinging point of the jet. These lines are used as the boundary 

condition to analyze the heat conduction within the plate. 

 

Figure 8.16a shows the top surface heat flux history. The heat flux increases from air cooling 

heat flux to water cooling heat flux as the lateral centerline of the plate reaches the water front. 

Figure 8.16b shows the variation of heat flux in the longitudinal direction which is along the 

moving direction of the plate. Figure 8.16c shows the heat flux evolution with respect to the 
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surface temperature. The scaled family of boiling curves, which are used as the boundary 

condition in the cooling model, are also shown in figure 8.16c. As seen in the figure, the first 

dominant heat transfer mechanism after the water covers the plate’s center point is film boiling. 

As the plate gets closer to the nozzle, the heat transfer mechanism becomes transition boiling and 

eventually nucleate boiling. As the plate leaves the nozzle the surface heat flux decreases. First, 

the heat flux follows the nucleate boiling regime. However, as the plate moves further, the 

dominant heat transfer mechanism becomes transition boiling followed by film boiling. Figure 

8.16d shows the surface temperature history which is the most important output of the model. 

The cooling model was verified with a high and a low entry temperature in figures 8.17a and 

8.17b. As seen in figure 8.17, the cooling model is capable of calculating the peak heat flux as 

well as the variation of heat flux in upstream and downstream zones reasonably well. The model 

predicts the exit surface temperatures (surface temperature at 1 m distance from the jet) within 

±30°C. 

In addition to the position under the jet, the model has to be evaluated at locations in the lateral 

direction for a circular nozzle. To do so, the transient heat conduction inside the plate at different 

lateral positions can be analyzed separately using the 1D cooling model. Figure 8.18 shows the 

surface heat flux and surface temperature at different distances from the nozzle in the lateral 

direction: 0, 12.7, 25.4, and 38.1 mm. As seen in the figure, the model clearly replicates the 

strong dependence of the heat transfer rate on distance from the nozzle.  
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      (a) 

 

(b) 

Figure 8.17 Heat flux and surface temperature histories, FR=30 L/min, Twater=25°C, Vp=1.3 m/s (a) entry 

temperature: 600°C and (b) entry temperature: 285°C. 
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Figure 8.18 Heat flux and surface temperature histories at (a) y=0 mm, (b) y=12.7 mm, (c) y=25.4 mm, (d) 

y=38.1 mm; process parameters: FR=15 L/min, Twater=25°C, Vp=1.0 m/s, entry temperature: 410°C. 

 

In order to gain a better appreciation of the cooling model, the results of the cooling model at 

different locations in the lateral direction are combined and contour plots are generated. Figure 

8.19 shows the simulated contour plots of heat flux and surface temperature for the test with the 

same process parameters as shown in figure 8.18. The moving direction of the plate is from left 

to right. Comparison of the predicted heat flux and surface temperature contour plots with the 

experimental results, shown in figure 8.20, indicates that good agreement has been achieved. The 

model is able to describe the size and the shape of the high heat flux area (yellow, red, and 

orange) as seen in figures 8.19a and 8.20a. Moreover, the significant gradient of the heat flux in 

the lateral direction has been predicted by the model. This gradient leads to severe non-

uniformity in surface temperature across the plate width. According to figures 8.20a and 8.20b, 
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the predicted size and the shape of the surface temperature rebound area are in good agreement 

with the experimental contour plot.   

  

Figure 8.19 Simulated heat flux and surface temperature histories; process parameters: FR=15 L/min, 

Twater=25°C, Vp=1.0 m/s, entry temperature=410°C. 

 

Figure 8.20 Experimental heat flux and surface temperature histories; process parameters: FR=15 L/min, 

Twater=25°C, Vp=1.0 m/s, entry temperature=410°C. 
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8.2 Double jet-line arrays 

8.2.1 Jet-line arrangement 

The proposed cooling model has so far been employed to simulate the temperature history of 

plate cooling with a single jet. However, for the application of the proposed model on the run-out 

table of a hot mill it is important to test the model for multiple jet-lines.  

Figure 8.21 shows schematically the simulation approach for two jet-line cooling regardless of 

the nozzle type. The initial position of the plate is in the dry zone (A). In the model, the plate is 

positioned 1 m upstream from the first jet-line. As the plate moves from left to right, the head of 

the plate is wetted with the water; while the lateral centerline of the plate is still in the dry zone 

(B). Eventually the lateral centerline of the plate enters the upstream region of the first jet-line 

(C). The position of water front is calculated using equations 8.13 and 8.14 for circular jets and 

planar jet, respectively. Further, it is assumed that the boundary between the downstream region 

of the first jet-line and the upstream region of the second jet-line is located at the water front 

location of the second jet-line. At (D) the lateral centerline of the plate has left the area affected 

by the first jet-line and is in the upstream region of the second jet-line. As the plate moves 

further, the lateral centerline of the plate reaches the downstream region of the second jet-line 

(E). As the entire plate leaves the second jet-line, the heat transfer mechanism becomes air 

cooling (F).  
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Figure 8.21 Schematic of different cooling regions during multiple jet-line cooling. Location of the lateral 

centerline of the plate is shown by a red rectangular. The water coverage is shown by a blue layer on the plate 

surface. 

 

In the experiments (Franco 2008) used to validate the model, 6 circular nozzles were used in two 

jet-lines with 3 jets each (figure 8.22). The spacing between the two jet-lines (Sj) was either 25.4 

cm or 50.8 cm and the spacing between two nozzles in one jet-line (Sn) was 10.16 cm. Two plate 

speeds of 0.35 and 1.0 m/s were studied. Temperature was measured at 9 different thermocouple 

positions. The thermocouples were positioned in a line in the lateral direction (y direction) of the 

plate and spaced 12.6 mm apart. In these experiments, nozzles were positioned in a non-
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staggered configuration (figure 8.22). Table 8.2 shows the process parameters of the double jet-

line experiments. 

 

(a) 

 

(b) 

Figure 8.22 (a) non-stagger nozzles in double jet-line cooling, (b) nozzle configuration with respect to the 

thermocouple positions. 
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Table 8.2 Available experimental database for double jet-line cooling (Franco 2008) 

Test  
Number of 

nozzles 
Vp, m/s 

FR, 

L/min 
Sn, cm Sj, cm Twater ,˚C Hn, m 

F01 6 0.35 15 10.16 25.4 25 1.5 

F02 6 1.0 15 10.16 25.4 25 1.5 

F03 6 0.35 15 10.16 50.8 25 1.5 

F04 6 1.0 15 10.16 50.8 25 1.5 

 

8.2.2 Validation 

8.2.2.1 Heat flux and surface temperature histories at y=0 

Figure 8.23 shows heat flux and surface temperature histories as predicted from the cooling 

model, and as measured in a double jet-line experiment with a plate speed of 1 m/s and a jet-line 

spacing of 50.8cm for two entry temperatures of 500°C and 400°C. When the plate passes 

through the double jet-line cooling section, two peak heat fluxes can be observed. In between the 

jet-lines the heat flux is very low and the temperature of the plate rebounds. 

The experimental results in figure 8.23 indicate that in the cooling pass with the higher entry 

temperature (500°C), the heat flux at the second jet-line is higher than the first peak. 

Consequently the drop in surface temperature at the second jet-line is larger than the drop at the 

first jet-line. In contrast, for the pass with an entry temperature of 400°C, the first peak heat flux 

is higher than the second peak heat flux and the temperature drop at the first jet-line is larger than 

the temperature drop at the second jet-line. Figure 8.23 shows that the cooling model can predict 

these experimental observations in heat flux and surface temperature histories very well. 
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(a) (b) 

Figure 8.23 Heat flux and surface temperature histories, Test F08: Sj=508 mm, Vp= 1.0 m/s, y=0, (a) entry 

temperature: 500°C and (b) entry temperature: 400°C. 

 

8.2.2.2 Surface contour plots 

One of the interesting capabilities of the cooling model is the ability to predict the surface 

temperature and heat flux histories in different lateral positions on the surface. This provides 

valuable insight into the different heat transfer rates experienced in different areas of the plate. In 

order to plot the contours, the surface temperature and heat flux data are translated from varying 

in time to varying spatially based on the plate speed. Figures 8.24-27 show two examples of the 

contours plots. In these figures, the contours of experimental and predicted data for the middle 

jets are repeatedly shown for the upper and lower jets to illustrate the periodic cooling pattern 

expected for run-out table cooling with a multiplicity of jets across the width of a plate. In figure 

8.24, the entry temperature of the plate was 600°C and the plate moves from left to right along 

its longitudinal direction. Since the nozzles are placed in a line (non-stagger), the temperature 
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gradient in the lateral direction is significant. Figure 8.25 shows the experimental surface 

contours for entry temperatures of 600°C. 

Figure 8.26 depicts the surface contour plots for a lower entry temperature (360°C). In this plot, 

the high heat flux zone is expanded in the moving direction because the entry temperature of the 

plate is low. The effect of this expansion is very clear on the larger delay in temperature 

rebounding in downstream regions in figure 8.26b. Figure 8.27 shows the experimental surface 

contours for entry temperatures of 360°C. The comparison between the simulation results 

(figures 8.24 and 8.26) and experimental results (figures 8.25 and 8.27) indicates that the cooling 

model is able to predict size and shape of the high heat flux zone reasonably well. The model 

predicts that the heat fluxes of the high heat flux zones (green/yellow/orange color regions) at 

both jet-lines are fairly similar for the cooling pass with the higher entry temperature (600°C). 

However, in the cooling pass with the lower entry temperature (360°C), the heat flux of high heat 

flux zones at the second jet-line is significantly lower than the heat flux at the first jet-line. 

Also, the comparison between the simulation and experimental results shows that the cooling 

model is able to predict the size and shape of the areas where the surface temperature drops 

significantly (blue/purple regions). Moreover, the model is able to predict the development of a 

banded temperature profile at the top surface due to the staggered nozzle configuration. The 

model predicts that the delay in temperature rebounding after the second jet-line is larger than 

the delay after the first jet-line for both high and low entry temperatures. These predictions are in 

agreement with the experimental measurements which are shown in figures 8.25b and 8.27b. 

There are some discrepancies in the shape of high heat flux zones between model and 

experiment which can be related to the fact that in the developed model the interactions between 

the two jets in a jet-line as well as the interactions between two jet-lines have not be included. 
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Figure 8.24 Predicted surface contour plots; (a) heat flux and (b) temperature; Sj=508 mm, FR=15 L/min, 

Twater=25°C, Vp=1.0 m/s, entry temperature: 600°C. 

 

Figure 8.25 Experimental surface contour plots; (a) heat flux and (b) temperature; test F04: Sj=508 mm, 

FR=15 L/min, Twater=25°C, Vp= 1.0 m/s, entry temperature: 600°C. 
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Figure 8.26 Predicted surface contour plots; (a) heat flux and (b) temperature; Sj=508 mm, FR=15 L/min, 

Twater=25°C, Vp= 1.0 m/s, entry temperature: 360°C. 

 

Figure 8.27 Experimental surface contour plots; (a) heat flux and (b) temperature; test F04: Sj=508 mm, 

FR=15 L/min, Twater=25°C, Vp=1.0 m/s, entry temperature: 360°C. 
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8.2.2.3 Exit temperature 

To further examine the validity of the cooling model, the exit temperatures predicted at 1 mm 

below the top surface can be compared with thermocouple measurements. Exit temperatures are 

the temperatures of the plate at positions in the lateral direction and at the time when the plate 

leaves the second jet-line zone and reaches a distance of Sj from the second jet-line. The exit 

temperatures at 1 mm below the surface are plotted against the measured values in figure 8.28. 

For the lower plate speed (Vp=0.35 m/s) as shown in figures 8.28a-b, some discrepancies in the 

predicted and the measured exit temperatures are observed. However, for the tests with the 

higher plate speed (Vp=1 m/s), very good agreement with experimental data is seen. 

The mean temperature across the plate width is more important in an industrial hot mill than the 

temperature at a specific location. Therefore, the mean exit temperature after each cooling pass 

with the double jet-line configuration was calculated. Figure 8.29 shows the predicted mean exit 

temperature plotted against the corresponding measured values. Results are from four tests with 

two different plate speeds and two different jet-line spacing. Very good agreement between the 

predicted and measured mean exit temperatures is seen for all tests with low and high plate 

speeds (most data points are within ±25°C).  

In low plate speed experiments, as the plate leaves the second jet-line, large temperature 

gradients are observed in the case of non-staggered nozzle configuration. These temperature 

gradients lead to the formation of hot and cold regions and consequently conduct heat from hot 

regions toward cold regions. As a result, in cold regions, the measured temperature rebound is 

quicker than predicted. On the other hand, in hot regions the measured temperature rebound is 

slower than predicted. Therefore, although some deviations are observed in predicted local exit 
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temperature plots in the case of low speed plates (figure 8.28a-b), the predicted mean exit 

temperature is in good agreement with the corresponding measured data (figure 8.29).  

  

 
 

(a) (b) 

  

(c) (d) 

Figure 8.28 Predicted and measured exit temperatures (1mm below the surface) in lateral positions in double 

jet-line tests:  (a) Vp=0.35 m/s, Sj=25.4 cm; (b) Vp=0.35 m/s, Sj=50.8 cm; (c) Vp=1.0m/s, Sj=25.4 cm; (d) Vp=1.0 

m/s, Sj=50.8 cm. 
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Figure 8.29 Predicted and measured mean exit temperatures (1mm below the surface) in double jet-line tests. 
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Chapter 9: Conclusions and future work 

 

 

 

9.1 Summary and conclusions 

The main goal of this work was to develop a cooling model for the heat transfer in a steel plate 

during top water jet impingement cooling conditions that are typical for industrial run-out table 

cooling. The work was done in two major steps. First, a boiling curve model was proposed for 

cooling of a stationary steel plate. The proposed boiling curve model considers the boiling 

mechanisms (i.e. film boiling, transition boiling, and nucleate boiling) and is able to map the 

boiling curves at different positions on the plate surface. In the second step, a cooling model was 

developed for simulating the temperature of a moving steel plate. To simulate the temperature, 

the cooling model calculates the evolution of the surface heat fluxes based on the underlying 

boiling mechanisms.  

In detail the findings and contributions of this research can be summarized as follows: 

a. Stationary plate experiments 

The experimental results show that both the value of the heat flux and the trend and shape of the 

boiling curves change with distance from the jet. The transition and film boiling portions of 

boiling curves strongly depend on distance. However, at lower temperatures, the nucleate boiling 

curves merge into one curve as the temperature decreases regardless of position.  

Generally, as water flow rate increases, the maximum heat flux increases. This is due to the 

increase in jet impingement velocity at the plate. An increase in water temperature at the nozzle 
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exit decreases the potential of the water to absorb heat. Thus, it decreases the maximum heat flux 

of the boiling curves. This decrease is prominent in the area close to the nozzle.  

It was also found that there are differences between the boiling curves generated through steady-

state (temperature controlled) conditions and transient (quenching) conditions. The main 

differences are the existence of the initial cooling stage as well as the first stage of cooling in the 

transition boiling in the latter condition. It was found that the slope of the first stage in the 

transition boiling curve does not depend on the water flow rate, water temperature, or the 

distance from the jet.  

b. Boiling curve model for stationary plates 

The nucleate boiling heat flux was found to strongly depend on the surface temperature, while it 

is independent of nozzle geometry, water flow rate, and water temperature. Moreover, the 

distance from the jet has a negligible effect on the nucleate boiling heat flux. 

In this work, two sub-regimes in the transition boiling mechanism were addressed: (1) the first 

stage in which heat flux increases gradually from the MHF point; (2) the shoulder region which 

has a constant heat flux. For the first stage in transition boiling, the gradual increase of heat flux 

was described with a universal slope independent of the process parameters. To calculate the 

shoulder heat flux, the size of the vapor patches on the plate surface was determined using the 

Kelvin-Helmholtz instability. Also, the local water subcooling was calculated by performing a 

heat balance. 

The minimum heat flux was calculated by a model available in literature. In order to extend the 

application of the minimum heat flux model for positions beyond the stagnation point, two 

parameters, which depend on the distance from the jet i.e. γtot and ΔTsub, were replaced by their 

local values.  
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Finally, a procedure was proposed to combine different boiling regimes and to construct a family 

of boiling curves for transient cooling of stationary plates.  

c. Moving plate experiments 

Peak heat flux (PHF) curves for different plate speeds show the same trend. However, as the 

plate moves faster, the PHF curves in the transition and film boiling regimes tend to shift to 

lower heat fluxes and lower surface temperatures. The plate speed does not have any effect on 

the nucleate boiling region of the PHF curves. Thus, it can be concluded that speed of the plate 

plays different roles depending on the heat transfer mechanism. 

Besides, for single circular jets, it was found that due to the radial distribution of the water, the 

heat transfer rates strongly depend on the lateral distance from the impinging line of the jet. As 

the lateral distance increases, the PHF in the film boiling and the transition region decreases.    

The effect of process parameters on the integrated heat flux, which represents the amount of 

energy per unit area, was studied. Generally, as the water flow rate and subcooling increase, the 

integrated heat flux increases in cooling passes with entry temperatures above ~200°C. However, 

for cooling passes with entry temperatures lower than ~200°C, the integrated heat flux is 

independent of the water flow rate and water subcooling.   

d. Cooling model for moving plates  

In order to incorporate the effect of plate speed on the boiling curves, transition and film boiling 

portions were scaled with respect to the plate speed. To do so, three scaling factors for the 

shoulder heat flux, the minimum heat flux and the Leidenfrost temperature were proposed. 

Moreover, for the single circular nozzle cooling system, the effect of the lateral distance from the 

jet was analyzed. Based on the trend of the heat flux changes with surface temperature at 

different lateral distances, three scaling factors for the shoulder heat flux, the minimum heat flux 
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and the Leidenfrost temperature were proposed. In the model, the location of the water front in 

the upstream region is calculated in order to apply the correct heat transfer mechanism (air 

cooling or water cooling) in that region. Then, thermal boundary conditions were applied based 

on the plate surface temperature and plate’s position with respect to the nozzle. Transient heat 

conduction within the plate was analyzed and predicted heat flux and temperature histories were 

plotted. Moreover, the plot of predicted heat flux evolution with surface temperature gives 

valuable information regarding boiling mechanisms which play a role in a cooling pass. The 

model is also capable of mapping the surface heat flux and surface temperature. These plots are a 

good representation of the overall cooling condition on the plate surface. An important output of 

the model is the exit temperature of the plate after each cooling pass. The validity of the 

developed cooling model has been examined by comparing the predicted temperatures with 

single independent multiple nozzle experiments. Very good agreement with experimental results 

has been obtained. 

 

9.2 Suggestions for future work 

Based on the results obtained from the present experimental and modeling studies, the following 

points are suggested for future work:   

a. Experimental study of higher plate speeds 

Conducting experiments with higher plate speeds (>2 m/s) will be of significance to generate 

data that will enable extension of the proposed models to the conditions of run-out table cooling 

in hot strip mills. Although the available pilot scale run-out table facility has been designed for 

accelerating the plate up to a speed of 5 m/s (Prodanovic et al. 2004), safety issues prevent us 

from running high speed tests in the laboratory. In fact, obtaining the required high plate speeds 
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(2 – 10 m/s) will require modifications to the facility (e.g. extending the length of the tracks to 

much longer than the current 15m length and changing the design of the plate carrier to prevent 

the carrier from detaching from the chain drive system at high speeds). 

b. Extending the application of the cooling model to bottom jet cooling  

On a run-out table the steel plate or strip is cooled from both the top and bottom. Thus, it is 

critical to extend the cooling model developed here to bottom jet cooling. Some experimental 

studies have already been performed on bottom jet cooling using UBC’s pilot scale run-out table 

facility (Zhang 2004, Chester 2012). This previous work emphasized bottom cooling of a 

stationary plate with a single circular nozzle. Initial experiments were also conducted for bottom 

jet cooling of a moving plate. These tests, however, constitute more of a proof of concept rather 

than a systematic study which will be required to extend the model proposed for top jet cooling 

to bottom jet cooling.   

c. Experimental study of the effect of plunging jet impingement 

As the plate moves on the run-out table of a hot mill, water accumulates on the top surface of the 

plate. The accumulated water on the top surface decreases the forced-convective effect of the jet 

impingement (Cho et al. 2008). This may lead to a significant drop in the efficiency of the top 

cooling system. Systematic experimental studies need to be conducted in order to quantify the 

effect of the thickness of the pre-existing water layer on jet impingement heat transfer using the 

procedures proposed by Prodanovic et al. (2011). Also, the effect of the jet impingement velocity 

on the heat transfer rate of a plunging jet needs to be investigated. The results of these 

experiments will be critical in order to incorporate the role of water accumulation into the run-

out table cooling model.  
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d. Verifying the developed model with industrial run-out table data 

The overall goal of developing these cooling models is their application to industrial run-out 

tables. In the present work the proposed cooling model was validated with independent 

experimental data rather than industrial data. After extending the model to bottom jet cooling and 

incorporating the role of water accumulation on the top surface it will be paramount to evaluate 

its predictive capabilities for industrial cooling conditions. Typically, the industry records finish 

mill exit temperatures, (i.e. run-out table entry temperatures) and coiling or cooling stop 

temperatures (i.e. run-out table exit temperatures). Having such data will enable a first validation 

of the cooling model but for an in-depth validation it would be desirable to have temperature 

measurements at intermediate run-out table positions. Such measurements can be performed 

using an infrared video camera (e.g. as Honda et al. 2009). By comparing the model results with 

the temperature measurements, the range of applicability and the accuracy of the model can be 

examined for industrial conditions.   
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Appendix A: Inverse heat conduction analysis 

 

In the Inverse Heat Conduction (IHC) program proposed by Zhang (2004), the function 

specification method was used. This method assumes a pre-determined functional form for the 

heat flux within a future time interval (Beck et al. 1985) and solves the heat conduction problem 

in sequential manner. Moreover, the function specification method was combined with the zero-

order Tikhonov regularization method to solve the inverse heat conduction problem with a 

sequential-in-time concept and improved computational efficiency. In order to consider the lag 

of time and hence enhance the accuracy of the calculation, the future information was included in 

the sequential-in-time method (Zhang 2004).  

The developed IHC program can be used for analyzing single or multiple TC readings. In the 

current study, each thermocouple data were analyzed separately by using the IHC program to 

calculate the surface heat flux that is then considered to be independent of the exact position on 

the quench surface in the analyzing domain (see figure 4.6). Moreover, the program does not 

account for the latent heat generated during phase transformation. For the present study, this 

limitation is of minor significance as it can be expected that the austenite-ferrite transformation 

occurs for the investigated low-carbon steel during the air cooling period before executing the 

first cooling pass. 

In detail, the IHC program uses the following procedure to solve the heat conduction problem: 

a. Input initial data: measured temperature at different time steps and assumed heat flux at the 

top surface (q
0
). 

b. Call a direct FEM heat conduction problem solver to calculate temperature inside the plate 
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c. Solve sensitivity equation and calculate sensitivity matrix. The sensitivity matrix denotes the 

changes of temperature with respect to the change in q.  

d. Update q using q = q
0
 + ∆q. To calculate ∆q, the sensitivity matrix is used to find a proper 

increment for the heat flux at the surface.  

e. Repeat steps a to d until the sum of square error between the calculated and measured 

temperature at the position of the TC tip is smaller than a critical number. To improve the 

computational efficiency, the sum of squares function was modified by adding the zero-order 

regularization function.  
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Appendix B: Reproducibility of experiments 

 

In order to ensure the reproducibility of experiments, a few repeats have been performed. As an 

example, figure B.1 shows the profile of the maximum heat flux along the surface for a test with 

a planar nozzle, a water flow rate of 100 L/min and a water temperature of 25°C. The curve for 

the repeated test matches the original experimental data with reasonable accuracy (most data 

points are within ±20%). 

 

Figure B.1 Maximum heat flux along the surface for a test with a planar nozzle, a water flow rate of 100 

L/min and a water temperature of 25°C.  
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Appendix C: Experimental and calculated boiling curves for stationary plate 

tests 

 

Figures C.1-10 show the experimental and calculated boiling curves for all stationary plate 

experiments.  

 

Figure C.1 Family of boiling curves, test SP01, planar nozzle, FR=100 L/min, Twater=25°C, x: (a) 0 mm, (b) 10 

mm, (c) 20 mm, (d) 40 mm, (e) 60 mm, (f) 80 mm, and (g) 120 mm.   
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Figure C.2 Family of boiling curves, test SP02, planar nozzle, FR=150 L/min, Twater=25°C, x: (a) 0 mm, (b) 10 

mm, (c) 20 mm, (d) 40 mm, and (e) 120 mm.    
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Figure C.3 Family of boiling curves, test SP03, planar nozzle, FR=250 L/min, Twater=25°C, x: (a) 0 mm, (b) 10 

mm, (c) 20 mm, (d) 40 mm, (e) 60 mm, (f) 80 mm, and (g) 120 mm.   
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Figure C.4 Family of boiling curves, test SP04, planar nozzle, FR=100 L/min, Twater=10°C, x: (a) 0 mm, (b) 10 

mm, (c) 20 mm, (d) 40 mm, (e) 60 mm, and (f) 120 mm.   
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Figure C.5 Family of boiling curves, test SP05, planar nozzle, FR=100 L/min, Twater=40°C, x: (a) 0 mm, (b) 10 

mm, (c) 20 mm, (d) 40 mm, (e) 60 mm, and (f) 80 mm.   
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Figure C.6 Family of boiling curves, test SC01, circular nozzle, FR=15 L/min, Twater=25°C, r: (a) 0 mm, (b) 10 

mm, (c) 20 mm, (d) 40 mm, (e) 60 mm, (f) 80 mm, and (g) 120 mm.   
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Figure C.7 Family of boiling curves, test SC02, circular nozzle, FR=30 L/min, Twater=25°C, r: (a) 0 mm, (b) 20 

mm, (c) 40 mm, (d) 60 mm, (e) 80 mm, and (f) 120 mm.   
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Figure C.8 Family of boiling curves, test SC03, circular nozzle, FR=45 L/min, Twater=25°C, r: (a) 0 mm, (b) 10 

mm, (c) 20 mm, (d) 40 mm, (e) 60 mm, and (f) 80 mm.   

 

  

0 200 400 600 800
0

5

10

15

T
surface

, C

q
, 

M
W

/m
2

(a) x = 0 mm

0 200 400 600 800
0

5

10

15

T
surface

, C

q
, 

M
W

/m
2

(b) x = 10 mm

0 200 400 600 800
0

5

10

15

T
surface

, C

q
, 

M
W

/m
2

(c) x = 20 mm

0 200 400 600 800
0

5

10

15

T
surface

, C

q
, 

M
W

/m
2

(d) x = 40 mm

0 200 400 600 800
0

5

10

15

T
surface

, C

q
, 

M
W

/m
2

(e) x = 60 mm

0 200 400 600 800
0

5

10

15

T
surface

, C

q
, 

M
W

/m
2

(f) x = 80 mm

 

 

Exp.

Model



167 

 

 

Figure C.9 Family of boiling curves, test SC04, circular nozzle, FR=15 L/min, Twater=10°C, r: (a) 0 mm, (b) 10 

mm, (c) 20 mm, (d) 40 mm, (e) 60 mm, (f) 80 mm, and (g) 120 mm.   

 

  

0 200 400 600 800
0

5

10

15

T
surface

, C

q
, 

M
W

/m
2

(a) x = 0 mm

0 200 400 600 800
0

5

10

15

T
surface

, C

q
, 

M
W

/m
2

(b) x = 10 mm

0 200 400 600 800
0

5

10

15

T
surface

, C

q
, 

M
W

/m
2

(c) x = 20 mm

0 200 400 600 800
0

5

10

15

T
surface

, C

q
, 

M
W

/m
2

(d) x = 40 mm

0 200 400 600 800
0

5

10

15

T
surface

, C

q
, 

M
W

/m
2

(e) x = 60 mm

0 200 400 600 800
0

5

10

15

T
surface

, C

q
, 

M
W

/m
2

(f) x = 80 mm

0 200 400 600 800
0

5

10

15

T
surface

, C

q
, 

M
W

/m
2

(g) x = 120 mm

 

 

Exp.

Model



168 

 

 

Figure C.10 Family of boiling curves, test SC05, circular nozzle, FR=15 L/min, Twater=40°C, r: (a) 0 mm, (b) 

10 mm, (c) 20 mm, (d) 60 mm, (e) 80 mm, (f) 120 mm.   
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