
Numerical investigation of boiling heat transfer in a quenching
process of jet impingement considering solid temperature distribution

Mehran Ghasemian1 • Abas Ramiar1 • Ali Akbar Ranjbar1

Received: 25 June 2018 / Accepted: 30 October 2018 / Published online: 11 November 2018
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Abstract
Boiling jet impingements are being widely used in various industries. Hence, a quenching jet impingement is simulated

numerically. A solver code based on volume of fluid method was modified to analyze the effects of conjugation and mass

transfer, and validated against an experimental study. Then, optimized cooling factor (OCF) was defined to involve

temperature uniformity of the block and the cooling rate simultaneously. Subsequently, in laminar two-jet configurations,

the effects of velocity inlet function, jet-to-surface and jet-to-jet spacing on standard temperature uniformity index (STUI)

and OCF in a highly heated block were investigated. Heaviside function of time for the inlet velocity and periods of pulse

between 0 and 0.2 were considered. Some remarkable results are achieved by the proposed configurations. In all cases with

pulsating jets, improvements in STUI and OCF relative to pulse-free ones were observed; when V = 0.4 m s-1, OCF

peaked at 2 in P = 0.06, which was almost eight times greater than OCF of pulse-free configuration (OCF = 0.24). As

velocity decreased, the temperature uniformity improved; however, OCF showed the highest value at higher velocities

occurring for lower periods of pulses. This happens because of more uniform temperature distribution in both plate sides

and continual destroying film boiling layers generated on the surface. Also, in a jet-to-jet spacing of about one-third of the

block length, for all plate lengths, optimal temperature uniformity with maximum OCF was obtained, due to formation of

two stagnation points having the highest heat transfer rate by positioning in an ideal distance from each other.

Keywords Boiling jet impingement � Quenching � VOF � Conjugation � Mass transfer � STUI

List of symbols
Cp Specific heat (J kg-1 K-1)

Dimp Jet diameter at the impingement surface (m)

Dj Jet width (m)

fg Force of gravity

fst Surface tension force

g Gravity (m s-2)

h Latent heat (kJ kg-1)

H Jet-to-surface spacing (m)

L Solid length (m)

_m000 Mass transfer (kg m-3 s-1)

OCF Optimized cooling factor

P Period of pulse

r Mass transfer intensity factor (s-1)

Re Reynolds number

S Jet-to-jet spacing (m)

STUI Standard temperature uniformity index

t Time (s)

twall Solid thickness (m)

Tave Average temperature of solid (K)

Tinit Initial temperature of solid (K)

Tliq Liquid temperature at inlet (K)

Tsat Saturation temperature of water (K)

Vimp Jet velocity at impingement surface

Vj Jet velocity (m s-1)

Greek symbols
a Volume fraction

k Thermal conductivity (W m-1 K-1)

l Dynamic viscosity (Pa s)

q Density (kg m-3)

r Surface tension (N m-1)

j Curvature of the interface

Subscripts
c Condensation
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e Evaporation

f Fluid domain

g Gas phase

l Liquid phase

s Solid domain

Introduction

Heat transfer enhancement is known as one of the most

important factors in improving the performance of thermal

systems in industries, such as electronics, aerospace and

steel. Air tends to be used as a coolant in most heat transfer

applications due to its easy availability and low cost.

However, air cooling is confined to the application of low

heat fluxes and better results could be generated from the

fluids with high Prandtl numbers and phase changes

(boiling) of the coolant liquid. A need for better heat

transfer has obliged researchers to design and perform

professional heat treatment methods such as quenching jet

impingement. The boiling phenomenon in quenching jet

impingement is generally categorized into three boiling

regimes based on the superheat of solid surfaces and the

type of contact between the solid and fluid. As the heat

transfer rate of lower values of wall superheat is high in

nucleate boiling regime, it might be an ideal regime for

thermal control processes [1, 2].

The fundamentals of jet impingement boiling were first

investigated by Copeland [3]. Katto and Kunihiro [4] uti-

lized water jet to remove vapor mass in a pool boiling

process. Over the last few decades, a large number of

studies into jet impingement boiling have been conducted.

Qiu et al. [5] reviewed the development of jet impingement

boiling heat transfer in studies already done in the past two

decades. Most of the studies in this field were experimen-

tal. Liu et al. [6] analytically and numerically studied the

boiling heat transfer of water jet impingement on a hot

surface to determine local Nusselt number.

Mozumder et al. [7] conducted research on quenching

during an experiment with water jet impinging on steel,

copper and brass blocks with a range of velocities,

3–15 m s-1, subcooling temperature of 50–80 K and initial

block temperature of 250–600 �C. The study concluded

that maximum heat flux would increase with a rise in water

jet velocity and subcooling temperature. Much research has

been conducted into influences of hydrodynamic and

thermal specifications on the performance of impinging

jets. Abo El-Nasr et al. [8] implemented some experimental

and numerical research to study the quenching of a hot

cylinder with a subcooled, round and perpendicular water

jet and examined the effect of initial temperature, water

temperature, jet velocity, height and diameter. They

observed that when subcooling temperature, jet velocity

and jet diameter increase, cooling rate increases. Choi et al.

[9] experimentally investigated the convective boiling and

local heat transfer characteristics in the process of a jet

impingement of dielectric fluid FC-72 in a cross-flow

configuration and optimized the heat transfer coefficient for

blowing ratio of 1:5. On the other hand, the impacts of

impingement surface refinement on heat transfer have been

studied by different researchers. Ndao et al. [10] did some

experiments on flow boiling heat transfer of R134a jet,

impinged on smooth and enhanced surfaces with

microstructure, including circular, hydrofoil and square

micro-pin-fins. Resulted boiling curves indicated that cir-

cular pin-fins showed better thermal performance than

others and larger diameters lead to higher heat transfer

coefficients. Joshi and Dede [11] worked on two-phase jet

impingement cooling of high heat flux wide-band-gap

devices using multiscale porous surfaces. Wang et al. [12]

conducted a research on the influences of nanoscale surface

modification on heat transfer characteristics in high-ve-

locity small slot jet impingement. The results showed that

decreasing contact angle of the solid–liquid could enhance

the heat transfer coefficient, but decay the critical heat flux.

Unlike the experimental studies, a limited number of

numerical studies into jet impingement boiling heat trans-

fer have been reported. Narumanchi et al. [1] investigated

nucleate boiling in a submerged jet impingement in power

electronics cooling employing the Eulerian multiphase

model and Rensselaer Polytechnic Institute (RPI) as a wall-

boiling model. They established a tool which can be used

for thermal design of two-phase jet impingement cooling

systems in the power electronics. Following their study,

Abishek et al. [13] used the RPI method to computationally

simulate subcooled jet impingement boiling in confined

and submerged configurations, but the effect of conjugation

was not considered. They found that beyond a threshold

value of surface superheat, the heat flux resulted by

quenching was the largest contributor to the total heat flux.

Qiu et al. [14] used the RPI model to simulate jet

impingements in submerged and confined configurations

and indicated the great effect of conjugation on boiling

heat transfer. Toghraie [15] presented a numerical method

using the VOF method to simulate the flow boiling through

subcooled water jet, impinged on a heated surface and

showed that by increment in water jet velocity, convective

heat transfer coefficient at stagnation point increases.

Kobayashi et al. [16] defined a CFD model, employing the

two-phase Eulerian model, to simulate quenching in a

cylindrical water jet impingement and analyzed the

quenching process of a moving steel plate by multiple jets.

In another numerical study, the influence of patterned tar-

get surfaces on jet impingement heat transfer in disparate

Reynolds numbers and plate materials was investigated by
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Dobbertean and Rahman [17]. It was observed that

increases in indentation depth of rectangular surfaces,

unlike triangular patterns, would lead to a decrease in local

heat transfer coefficient.

Hot steel plates with liquid jet impingement are quen-

ched to thermally control the process of steel production or

rapidly cool nuclear reactors. Since the block temperature

at the beginning of the jet impingement cooling process can

be up to 1000 �C, it could be considered a quenching

process, if cooled unsteadily over a period of time [7].

Limited studies into jet impingement quenching have been

done [18–21], and some analyses of heat flux, temperature

and flow field have been represented so far [22]. Since

transported heat in jet impingement quenching tends to be

very high, preventing the block distortion caused by non-

uniform cooling can be a vital matter; thus, temperature

uniformity should be paid attention during the cooling

process. Due to the fact that measuring surface temperature

directly during quenching is usually impossible [23],

numerical simulations for analyzing such problems might

be very important. Also, attentions were paid to the

numerical analyses of heat transfer and fluid flow charac-

teristics in single- and two-phase configurations with

Newtonian and non-Newtonian nanofluid as working fluids

in recent years [24–26].

Despite some numerical studies on jet impingement

quenching, there is still a lack of comprehensive numerical

study employing the volume of fluid (VOF) method to

simulate the phenomena, since it is the best method to

capture the interface of fluid–fluid. The present work made

an effort to investigate the effects of two pulsatile nozzle

inlets as a Heaviside function of time on a newly defined

factor named optimized cooling factor (OCF) and standard

temperature uniformity index (STUI) in the solid, during a

quenching process. To the knowledge of the authors, no

work was found in the literature considering simultaneous

pulsating flow of two jets in the quenching process. Also,

to simulate the above-mentioned phenomena, the impacts

of mass transfer and conjugation are added to a solver in

the OpenFOAM open-source code [27] and validated

successfully.

Geometry and computational domain

Two subcooled water jets with the jet width of Dj and jet-

to-jet spacing of S perpendicularly are impinged to a

superheated block located in a distance of H from nozzle

inlets. Length and thickness of the solid are twall and L,

respectively. A dimensionless schematic of geometry of the

problem is illustrated in Fig. 1.

Since there are no changes in Z-direction, a two-di-

mensional mesh considering solution time is established. In

low Reynolds number jets (500–2000), 2D analysis of

impinging jets is expected in order to reach quite accurate

results.

As periodic jets induced by pulsating nozzles can disturb

the boundary layer and affect the local heat transfer rates,

they received increasing research attention for their

potential in heat and mass transfer enhancement. Some

previous studies have focused on optimizing single-jet

configurations, so there is a need to examine the effect of

the pulsation on boiling of multiple impinging jets. In this

manner, the Heaviside function of time is considered to be

applied on the nozzles. In contrary to sinusoidal function,

applying this function to nozzle inlets induces high

momentum jet for a period of time, after that a periodic

break is provided. It also has the advantage of keeping the

total liquid consumption constant. The velocities in the

inlets are defined in Eq. (1) as:

Vj tð Þ ¼
V � H t � 2nstPð Þ � H t � 2nst þ 1ð ÞPð Þð Þ nst � 0 nozzle 1

V � H t � 2nst � 1ð ÞPð Þ � H t � 2nstPð Þð Þ nst � 1 nozlle 2

�

ð1Þ

At every moment of all cases, just one jet is impinged to

the surface. The inlet velocity of the second nozzle is

inverse of the first one, i.e., when the first jet is on, the

second one is off and vice versa. Accordingly, coolant

consumption in two-jet and one-jet configurations is equal.

H(t) is a Heaviside function of time which is employed in

this equation, where V is the constant value of inlet

velocity, P is the period of pulse (the time of inlets being

open), and nst is the step counter and is defined as the

number of steps taken to achieve a specific time. Figure 2

displays the variations in both nozzles velocity by time at

two different periods of pulse.

Jet width Dj

� �
, solid thickness (twall) and initial solid

temperature (Tinit) in all of the cases are constant and equal

to 1.6 mm, 5 mm and 1150 K, respectively. In all simu-

lations, only the geometry is altered and the governing

equations of the problem remained unchanged.

Mathematical formulation

Governing equations

The VOF method first presented by Hirt and Nichols [28]

has created a new way to simulate multiphase flows, pro-

viding the knowledge of whether the computational cell is

occupied by one fluid or the other or both of them. In

computational fluid dynamics, VOF is a numerical method

which tracks and locates the interface of fluid–fluid,

belonging to Eulerian–Eulerian multiphase models. The

formulation of VOF is unique because it is based on the

assumption that two or more fluids (phases) are immiscible.
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In this method, the sum of volume fractions of all phases

equals the unity in every control volume.

Xn
i¼1

ai ¼ 1 ð2Þ

where a represents the volume of one phase to the volume

of the cell. When the cell contains vapor, a ¼ 0; when it

contains liquid, a ¼ 1; and when the cell contains the

interface, it changes from 0 to 1:

al x~:tð Þ ¼ Vl

V
¼

1 x~� liquid phase

0\al\1 x~� interface
0 x~� gas phase

8<
: ð3Þ

Physical properties of vapor and liquid, including den-

sity, viscosity, thermal conductivity and specific capacity

in the interface, can linearly change based on Eq. (4):

b ¼ blal þ bg 1� alð Þ ð4Þ

where b is representative of such properties. In the phase

change process, mass tends to change locally, with total

mass remaining unchanged. Therefore, general continuity

equation would be as:

oq
ot

þr � qU~
� �

¼ 0 ð5Þ

By replacing density from Eq. (4) into Eq. (5), transport

equation of the interface locating it at every time step could

be:

oal
ot

þ U~ � ral þ alr � U~ ¼ �
qg

ql � qg
� �r � U~ ð6Þ

In this equation, for incompressible flows including no

phase change, however, r � U~ is defined as:

Top walls
(adiabatic)

Solid walls
(adiabatic)

Tinit = 1150/K

t w
al

l

Pressure
outlet

Dj DjS g

Fluid

Solid

H

L

Fig. 1 Geometry and boundary

conditions of the problem
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Fig. 2 Velocity inlet variations as a function of time at different values of period of pulse (P) during 1 s, at: a first nozzle, b second nozzle
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r � U~ ¼ _m000 1

qg
� 1

ql

 !
ð7Þ

In processes involving the phase change, by inserting

Eq. (7) to Eq. (6), the transport equation of the volume

fraction field would be:

oal
ot

þ U~ � ral ¼ _m000 1

ql
� al

1

ql
� 1

qg

 !" #
ð8Þ

The momentum equation could be written by:

oqU~

ot
þr � qU~U~

� �
¼ �rpþr � l rU~

T þrU~
� �� �

þ fst
!þ fg

!

ð9Þ

where the momentum source term fst
!

is representative of

the surface tension force, obtained from the continuous

surface force (CSF) model [29], and fg
!

is gravity force.

The surface tension force is generally calculated on the

interface and considered perpendicular to it.

fst
!¼ rjral ð10Þ

In this equation, r is surface tension, and curvature of

the interface is achieved by:

j ¼ �r � ral
raljj

� �
ð11Þ

Equation (11) is valid here, since the surface tension is

considered constant. The energy equation is defined as

Eq. (12), where the source term on the right side of the

equation represents the heat transferred by the phase

change:

oqcpT
ot

þr � U~ � qcpT
� �

¼ r � krTð Þ þ _m000h ð12Þ

Mass transfer model

To close the equations, a mass transfer model should be

added. Choosing an appropriate mass transfer model would

undoubtedly play a crucial role in achieving an exact

description of cooling process of the hot surface over the

time. The Lee mass transfer model is defined as:

_m000
e ¼ realql

T � Tsat

Tsat
T [ Tsat ð13Þ

_m000
c ¼ rc 1� alð Þqg

T � Tsat

Tsat
T\Tsat ð14Þ

The subscripts e and c state evaporation and condensa-

tion, respectively. Tsat is saturation temperature of fluid and

r is an empirical coefficient called mass transfer intensity

factor, which in practical cases varies from 10�1 [30] to

107 [31]. Most of other mass transfer models allow phase

change only along the interface, but the Lee model allows

phase change both along the interface and within the sat-

urated phase, which is why it is utilized here.

Heat transfer between solid and fluid regions

The heat transfer equation in the solid region is:

oqcpT
ot

¼ r � krTð Þ ð15Þ

The boundary condition between the fluid and solid

regions is defined as:

Tf ¼ Ts ð16Þ

q00f ¼ q00s ! ks
oTs

on
¼ kf

oTf

on
ð17Þ

Equations (16) and (17) show the continuity of the

temperature field and heat flux on the boundary. All the

simulations are based on fluid and solid properties, sum-

marized in Table 1.

In order to discretize the governing equations, the finite

volume method, with the QUICK scheme for discretization

of convective terms, is used. Temporal terms in equations

are discretized, using backward second-order implicit

method. To access an appropriate coupling between

velocity and pressure, PIMPLE algorithm is applied.

OpenFOAM open-source code is employed to solve dis-

cretized governing equations. The courant number and

convergence criteria for conservation of mass, momentum

and energy equations are considered 0.5 and 10-8,

respectively.

Standard temperature uniformity index (STUI)

The temperature uniformity of the substrate is considered a

key factor during fast cooling processes, since fast cooling

in a short period of time may lead to distortion of the

substrate and even creation and growth of cracks in it.

Thus, the standard temperature uniformity index (STUI),

which is known to be a useful tool to evaluate heating

uniformity, is used here [32]:

STUI ¼
rV

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T � Taveð Þ2

q
dv

Tinit � Taveð Þ rV dv
ð18Þ

Tave is the average temperature in the solid and is calcu-

lated by:

Tave ¼
rV Tdv

rV dv
ð19Þ
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where T and Tave are local and average temperatures inside

the plate over the volume (Vvol, m
-3), and Tinit is the initial

temperature of it before treatment. In a solid plate, a

smaller index would correspond to better heating

uniformity.

Optimized cooling factor (OCF)

In addition to temperature uniformity, the amount of

cooling during the process is substantial. Consequently, a

new dimensionless factor named OCF is defined here:

OCF ¼
Tinit�Tave
Tinit�Tliq

STUI
ð20Þ

where Tliq is liquid temperature at the inlet. According to

this relation, as numerator increases (when Tave is closer to

Tliq) and STUI value decreases, OCF rises, which results in

enhancing cooling efficiency.

Results and discussion

Mesh independency test

Considering the geometry used in this study, a two-di-

mensional structured non-uniform grid is utilized. Fine

gridding is used in the vicinity of the wall to consider sharp

gradients. Three different mesh distributions are generated

to check the dependency of the mesh on the results.

Table 2 shows the influence of the cell size on STUI and

OCF. As can be seen, when the number of meshes almost

doubled (from 28,283 to 56,160), the results barely chan-

ged. Therefore, mesh distribution of the second sample is

employed in further simulations. Gridding of the second

sample, shown in Fig. 1, was chosen in all simulations.

Validation

Prior to carrying out the investigations via numerical

solution, a validation seems necessary to support the

results. Thus, to validate the modified solver in processes

involving quenching and two-phase jet impingements with

mass transfer, a comparison with an experimental study of

Karwa and Stephan [33] was performed. In that experi-

ment, a free surface circular jet of deionized water with the

velocity of 2.5 m s-1 was impinged on a flat surface of an

AISI-type 314 stainless steel cylinder with the diameter of

50 mm, height of 20 mm and initial temperature of 890 �C.
The inlet water jet subcooled temperature was 74.2 �C, jet-
to-surface spacing was 97.5 mm, and nozzle diameter was

3 mm. Based on the geometry of the experiment, an axis-

symmetrical geometry was used for the simulation. The

effect of conjugation and mass transfer was considered in

the numerical study. The comparison between the results of

the numerical and experimental studies is illustrated in

Fig. 3. In this figure, the variation of block temperature

with the cylinder radius during 8 s, at 0.085 mm below the

impingement surface, is presented. As it is clear, there is a

good agreement between the numerical and experimental

results.

Results

The main goal of this study was to non-dimensionally

investigate the effects of velocity inlet function of jets

Vj tð Þ, jet-to-surface spacing H and jet-to-jet spacing

Table 1 Thermophysical properties

Property material q/kg m-3 CP/J kg
-1 K-1 k/W m-1 K-1 l/Pa s h/kJ kg-1 r/N m-1 r/s-1 TSat/K

Liquid water (at 298 K) 997.05 4182 0.6075 8.9 9 10-4 2257.92 0.0689 12 373.15

Vapor water 0.59 2026.7 0.025 1.24 9 10-5

Stainless steel (at 1150 K) 7810 464 42.6

Table 2 Mesh study

Mesh distributions Number of elements in each direction Total number of elements Uniformity index Optimized cooling factor

X-direction Y-direction

Mesh number 1 159 79 12,465 0.091 1.93

Mesh number 2 267 107 28,283 0.085 2.17

Mesh number 3 400 142 56,160 0.087 2.14

2414 M. Ghasemian et al.

123



S parameters on the STUI and OCF curves of the solid part.

The simulations were performed during 6 s of the fluid

flow on the impingement surface. At the end of the solution

time, total liquid consumptions of the jets were equal in

different configurations due to the equality of periods of

pulses of the two jets, e.g., at every moment the net flow

rate exiting from the two-jet inlets remains constant. The

data were fitted using Spline interpolation to give better

insight and understanding into the plots.

The first parameter whose effect on STUI and OCF is

studied is velocity inlet function, the influence of which on

STUI is represented in Fig. 4. To this aim, three constant

inlet velocities, V = 0.4, 0.5 and 1 m s-1, at different

periods of pulse, P = 0, 0.02, 0.05, 0.1 and 0.2, are con-

sidered. H, S and L contain constant values of 5� Dj, 8�
Dj and 40 mm, respectively. As shown in this figure, when

the jet inlet velocity decreases, STUI goes up. This can be

because of an increase in the momentum of the inlet flow as

well as the radius of the wetted region at the stagnation

point, at higher velocities, which create a cooled area under

jet nozzles. This increase in the radius intensifies the

temperature gradient in the block and raises the value of

STUI, which is not desirable. With an increase in P, the

same results as the results of velocity increment are

obtained, which means that with the increase in P, the
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Fig. 3 Comparison of the measured temperature at 0.085 mm below the block surface between the results of Karwa and Stephan [33] and the

present study
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value of STUI tends to rise. The performance of the OCF

against pulse flows can be seen in Fig. 5. In all cases

including pulse jets, improvements in the STUI and OCF

relative to pulse-free ones can be observed. For example,

when V = 0.4 m s-1, OCF peaks at 2 in P = 0.06, which is

almost eight times greater than OCF of the pulse-free

configuration (OCF = 0.024). As clear in Figs. 4 and 5,

although STUI value rises when velocity increases, OCF

improves. This can be due to the fact that as the velocity

increases, the average block temperature decreases more

and reaches the inlet liquid temperature. At all three

velocities, at lower values of P, due to more uniform dis-

tribution of temperature in both sides of the plate and also

continuous destruction of film boiling layers on the surface,

OCF reaches its maximum value. At lower velocities, liq-

uid does not have enough momentum and time to transfer

the heat at lower P values, so the peaks in plots move

toward higher P values. It means when V = 1 m s-1, the

optimal OCF is achieved for P = 0.025, but when

V = 0.4 m s-1, OCF peaks at P = 0.06. It is worth men-

tioning that when P = 0.06, first nozzle is open for 0.06 s;

after that, it is closed and second inlet will be open for this

period of time. This cycle continues to the end of the

process time.

As shown in Figs. 4 and 5, in lower pulse periods, the

temperature is distributed more uniformly and the cooling

rate is achieved to be higher. By observing the velocity

contours in Fig. 6, it can be seen that in lower pulse peri-

ods, due to continuous destruction of the vapor layers by

the jets, considering the equal velocity at the jet inlets, the

flow mixing is performed better on the surface, causing the

cooling process to be more uniform and in a higher rate. By

increasing P (from 0.02 in Fig. 6a to 0.2 in Fig. 6c), the

flow becomes more uniform with less interaction between

the two phases of water and vapor.

Contours of volume fraction in fluid domain and tem-

perature distribution of the solid block are simultaneously

displayed in Fig. 7. As can be seen, in the contours, dis-

turbance of film boiling layers in the fluid flow, as a result

of velocity pulses, causes temperature distribution to be

more uniform inside the block, reducing thermal stresses.

Another parameter investigated here is the jet-to-surface

spacing. In order to examine the effect of this more accu-

rately, V = 0.5 m s-1, P = 0.05, 0.1 and 0.2 and H
Dj
¼

3; 5; 7 and 9 were chosen. Constant values of S and L were

similar to the previous part. According to the Bernoulli

equation, jet velocity and width at the impingement surface

would change with the jet inlet velocity and nozzle width

as:

Vimp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
j þ 2gH

q
ð21Þ

Dimp ¼ Dj �
Vj

Vimp

ð22Þ

Based on these relations, jet velocity at the impingement

surface increases slightly as a function of channel height;

however, there is a small decrease in the jet width at the

surface. The results of investigating different jet-to-surface

spacing are displayed in Figs. 8 and 9. As the figures show,

by increasing H, the liquid momentum at the impingement

surface rises which results in an increase in the wetted

region radius and enhancement of the stagnation point heat

transfer. The vapor layers created on the surface in the film

boiling region acts like a thermal insulation between the

surface and the liquid due to lower thermal conductivity of

the vapor in comparison with liquid, so heat transfer rate is

less through it. Therefore, an increase in velocity can

improve heat transfer from solid to fluid by better dis-

turbing these vapor layers and make the temperature dis-

tribution more uniform on the surface. As shown in Fig. 9,

when H increases, despite the fluctuations, the enhance-

ment in OCF is observed in a general trend. The presence

of these fluctuations might be due to the mutual effects of

jet velocity and width parameters on each other at the

impingement surface, at various distances from jet nozzles

to the surface (H). At lower P values, the effects of

changing the height on STUI and OCF are more significant.

At P = 0.05, STUI and OCF values change from 0.12 and

1.37 in H
Dj
¼ 3 to 0.074 and 2.57 in H

Dj
¼ 9 (almost 38%

U

U

0

0.2 0.5 0.8 1

U
0.2 0.5 0.8 1

1.78

0 1.09

0 1.02

1.61.20.80.4

(a)

(b)

(c)

Fig. 6 Velocity contours of the fluid at t = 6 s when V = 1 m s-1,
H
Dj
¼ 5, S ¼ 8� Dj and L = 40 mm at different P values: a P = 0.02,

b P = 0.1, c P = 0.2
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improvement in STUI and 87% in OCF), respectively.

However, at higher P values like P = 0.2, OCF is almost

constant.

The last parameter considered is the distance between

the two jets, which can have a considerable impact on the

heat transfer performance. Therefore, in order to conduct

an accurate and thorough study on jet-to-jet spacing effects,

three blocks with L = 40, 50 and 60 mm are employed,

alpha1
0.25

0 1

0.5 0.75

alpha1
0.25

0 1

0.5 0.75

alpha1
0.25

0 1

0.5 0.75

alpha1
0.25

0 1

0.5 0.75

1150

1100

1000

900

850

T

1150

1100

1000

900

850

T

1150

1100

1000

900

850

T

1150

1100

1000

900

850

T

(a)

(b)

(c)

(d)

alpha1
0.25

0 1

0.5 0.75

1150

1100

1000

900

850

T

(e)

Fig. 7 Contour of volume fraction in fluid and temperature distribu-

tion (in Kelvin) in solid at the same time when V = 0.5 m s-1,

P = 0.2, H
Dj
¼ 5, S ¼ 8� Dj and L = 40 mm at different times: a 0,

b 0.1 s, c 0.22 s, d 2 s and e 6 s
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Fig. 8 STUI changes in various jet-to-surface spacing H
Dj

� �
for

different P values, when V = 0.5 m s-1, S ¼ 8� Dj and L = 40 mm

(t = 6 s)
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Fig. 9 OCF performance as a function of jet-to-surface spacing H
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� �
for different P values, when V = 0.5 m s-1, S ¼ 8� Dj and

L = 40 mm (t = 6 s)
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when V = 0.5 m s-1, P = 0.5, and H
Dj
¼ 5, with different S

L

configurations. As illustrated in Fig. 10, the temperature

uniformity (STUI) at the length of 40 mm is lowest among

the considered lengths due to more accessibility in the

blocks with shorter length and as a result less volume.

Based on this figure and Fig. 11, when jet-to-jet spacing

decreases (closer to zero), the results of STUI and OCF are

closer to the single-jet setting results. By increasing S and

placing the jets where the liquid has more time to transfer

the heat to the surface before reaching the exit, temperature

distribution is achieved more uniform until S
L
� 1

3
, where

STUI contains the most efficient value followed by OCF

reaching the highest one. For example, in the case with the

length of 40 mm, when S increases, OCF rises from 0.4 at

0.6
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Fig. 10 Variations of STUI with different jet-to-jet spacing S
L

� �
, at

three considered plate lengths, when V = 0.5 m s-1, P = 0.5 and H
Dj
¼

5 (t = 6 s)
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Fig. 11 Effects of different jet-to-jet spacing S
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on OCF, at three

considered plate lengths, when V = 0.5 m s-1, P = 0.5 and H
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¼ 5

(t = 6 s)
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Fig. 12 Temperature distribution (in Kelvin) of the 60-mm steel
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S = 0 to 2.2 at S
L
¼ 1

3
. At this point, this result is obtained

due to the formation of two stagnation points having the

highest heat transfer rate at an appropriate distance from

each other. As S rises more, stagnation points move toward

the block sides with OCF going down, since the momen-

tum of the liquid in the middle of the plate is low and the

liquid is not strong enough to disturb the film boiling layers

on the surface.

Effects of different jet-to-jet spacing on temperature

distribution of the steel block with the length of 60 mm are

clear in Figs. 12 and 13. The contours in these figures are

represented at 2 s and 6 s after the fluid flow impinging on

the block surface when the velocity inlet was 0.5 m s-1

with 0.05 period of pulse. According to the figures, there is

more uniformity when S = 20 mm, which improves over

the solution time.

Conclusions

A numerical study was conducted into boiling impinging

jets in a quenching process. The effects of phase change

and conjugation were implemented to a solver in an open-

source code, and the results were validated versus an

experimental research. The quenching process of two pla-

nar water jets impinging on a highly heated block was then

simulated numerically. The liquid–gas interface was

tracked by the VOF. In the end, the effects of Heaviside

velocity inlet function, jet-to-surface and jet-to-jet spacing

on STUI and OCF were non-dimensionally investigated.

Significant results are achieved, and most efficient cases

from the proposed settings are introduced. According to

Results and discussion of this study, the conclusions are

summarized as follows:

• At lower velocities, since the liquid does not have

enough momentum and time to transfer the heat for the

lower values of P, the peaks in OCF plot moved toward

higher P values. For example, when V = 1 m s-1, the

maximum OCF was accessible for P = 0.025, but when

V = 0.4 m s-1, OCF peaked when P = 0.06.

• For all of the cases that included pulse jets, enhance-

ments in STUI and OCF relative to pulse-free config-

urations were obtained; When V = 0.4 m s-1, OCF

peaked at 2 in P = 0.06, which was almost eight times

greater than OCF of the pulse-free setting

(OCF = 0.24).

• When the jet inlet velocity decreased, STUI rose since

at higher velocities, both the momentum of the inlet

flow and the radius of the wetted region at the

stagnation point increased, creating a cooled area under

jet nozzles, which is not desirable. With an increase in

the pulse period (P), the results were similar to the

results of speed increments.

• Although STUI tended to rise as velocity increased,

OCF improved since the average block temperature

decreased more and approached the inlet liquid tem-

perature. At all three velocities, at lower values of P,

OCF reached its maximum value due to more uniform

distribution of temperature in both sides of the plate and

continually destroying film boiling layers generated on

the surface as well.

• More significant results regarding the effect of changing

the height on STUI and OCF were observed at lower

values of P. When P = 0.05, STUI and OCF values

changed from 0.12 and 1.37 in H
Dj
¼ 3 to 0.074 and 2.57

in H
Dj
¼ 9 (almost 38% enhancement in STUI and 87%

in OCF), respectively.

• An ideal value for the jet-to-jet spacing was obtained in

this research. In all plate lengths, STUI and OCF had

the most efficient value, at S
L
� 1

3
. For example, in the

case with the length of 40 mm, by the S increment,

OCF rose from 0.4 at S
L
¼ 0 to 2.2 at S

L
� 1

3
.
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