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Abstract
In this study, the laminar flow and heat transfer of water jet impingement on a hot moving plate is investigated. A similarity

solution is applied to momentum and energy equations formulating the single-phase forced convection in order to

determine the flow velocity and heat transfer. The heat flux in flow boiling regime is predicted by a superposition approach

which is based on the combination of the single-phase and nucleate pool boiling components. The effects of surface motion

and arbitrary surface temperature distribution on important forced convection and nucleate boiling heat transfer parameters

for both stationary and moving plates are examined in the stagnation line and its nearby region. The results show that

surface motion does not affect the rate of heat transfer in stagnation region when surface temperature is constant, while this

motion is found to decrease heat transfer for a non-uniform surface temperature distribution state. However, it is observed

that in fully developed nucleate boiling regime, the parameters including the surface velocity, the surface temperature

gradient and the local distance from the stagnation line have negligible effect on the rate of heat transfer from the surface.

Keywords Jet impingement � Stagnation region � Moving surface � Surface temperature gradient � Similarity solution �
Nucleate boiling

List of symbols
cp Specific heat (J kg-1 k-1)

C Free-stream velocity gradient in stagnation region

C Dimensionless velocity gradient

f Dimensionless function related to flow velocity

g Gravity acceleration (m s-2)

h Heat transfer coefficient (W m-2 K-1)

hfg Latent heat of vaporization (J kg-1)

I Dimensionless function related to flow velocity due

to plate motion

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

Nuw Local Nusselt number ¼ hwj

�
k

Nu� Ratio of local Nusselt number for moving plate to

local Nusselt number for stationary plate

p Pressure (N m-2)

Pr Prandtl number

q00 Heat flux (W m-2)

Rew Jet Reynolds number ¼ Vjwj

�
m

S Suppression factor defined in Eq. (23)

T Temperature (�C or K)

Ts0 Temperature of impingement surface at stagnation

line

DT Temperature difference (�C or K)

u Velocity component in x direction (m s-1)

U1 Free-stream velocity (m s-1)

U1 Dimensionless free-stream velocity ¼ U1
�
Vj

v Velocity component in y direction (m s-1)

Vj Jet velocity (m s-1)

Vp Surface velocity (m s-1)

Vp Dimensionless surface velocity ¼ Vp

�
Vj

wj Jet width (m)

x Horizontal distance from stagnation line

X Dimensionless horizontal distance ¼ x
�
wj

y Vertical distance above impingement surface

Greek symbols
a Molecular thermal diffusivity (m2 s-1)

b Surface temperature gradient

m Molecular kinematic diffusivity (m2 s-1)

l Molecular dynamic diffusivity (kg m-1 s-1)

q Density

k Parameter defined in Eq. (22)
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r Surface tension (N m-1)

g Dimensionless distance from surface

h Dimensionless temperature

hs Dimensionless surface temperature

Subscripts
f Film temperature

FDB Fully developed boiling

j Jet related value

nb Nucleate boiling

onb Onset of nucleate boiling

s Surface (wall, plate)

sp Single phase

sub Subcooled

sup Superheat

w Related to the jet width

1 Free stream-related value

Superscripts
0 First derivative
00 Second derivative

Introduction

Cooling of hot surfaces by impinging jets due to extracting

high heat flux is widely used in many industrial and

engineering applications such as cooling of electronic chips

and microelectronic circuits, hot rolling steel strip and

nuclear power plants. Many researchers studied single-

phase liquid impinging jets on a stationary plate experi-

mentally [1–3] and numerically [4–9] and the two-phase

state experimentally [10–16]. A comprehensive review of

the jet impingement boiling has been published by

Wolf et al. [17]. They compiled various available corre-

lations of boiling curve from steady-state measurements.

Most studies have investigated jet impingement flow on

stationary surfaces, while relatively fewer researches have

studied the effect of surface motion over the heat transfer

field. In some engineering applications of impinging jets,

the surface being cooled by jet moves and its velocity is

comparable to the jet velocity or exceeds it. For instance, a

plate cooled by a planar jet in a manufacturing process may

be in motion such as continuous casting and hot rolling

process. Zumbrunnen [18] studied the stagnation region of

a laminar, planar jet on a moving surface in single-phase

force convection heat transfer. His result showed that

convective heat transfer rate was unaffected by surface

velocity when the surface temperature is spatially constant.

However, with decreasing surface temperature in the

direction of surface motion, Nusselt numbers became

smaller. Chen et al. [19] developed a numerical model to

determine convective heat transfer of an array of sub-

merged planar jets impinging on a uniform heat flux or

constant temperature moving surface. They found that

neglecting surface motion effects could lead to significant

overestimates of heat transfer rate.

Chattopadhyay et al. [20] investigated the effect of plate

motion on the turbulent flow and heat transfer in axial slot

jets. Then, Chattopadhyay et al. [21] studied their prior

problem for a knife-jet with an exit angle of 60 degrees.

They found that with increasing velocity of the impinging

surface, the total heat transfer reduces. Ja’fari and Rahimi

[22] studied effect of moving plate with time-dependent

axial velocity and uniform transpiration on an axisym-

metric stagnation-point flow and heat transfer. This study

showed that the heat transfer coefficient increases with

increasing transpiration rate and Prandtl number.

Zumbrunnen et al. [23] developed an experimental method

and apparatus to measure local heat transfer distributions

on moving and stationary plates in different heat transfer

regimes, such as single-phase forced convection, nucleate

boiling and film boiling. Their experimental results showed

that in single-phase regime, heat transfer rate near the

stagnation point was not considerably affected by surface

motion. In nucleate boiling, heat transfer coefficients

depend strongly on the surface temperature and location of

maximum heat transfer occurs directly beneath the jet and

is not affected significantly by the plate motion. Experi-

mental investigations were carried out by Gradeck et al.

[24] for quenching of a hot rotating cylinder by a planar

water jet. The initial temperature was about 500–600 �C.
They found that for a moving surface, the maximum of

heat transfer (for a given regime) is moving during the

cooling time from downstream (film boiling regime) to

upstream (forced convection).

A thorough review of the literature reveals lots of

experimental and numerical works on single-phase liquid

jet impinged on a stationary plate. Relatively fewer

numerical studies exist on jet impingement problem along

with effect of surface motion. Moreover, to our knowledge,

no numerical studies in the literature exist on the effect of

surface motion and surface temperature gradient on steady

laminar planar jets, neither on single phase nor on flow

boiling. However, a numerical mechanistic modeling of jet

impingement boiling on a stationary plate with constant

temperature was reported by the present authors [25]. The

investigation of surface motion with an arbitrary surface

temperature distribution on forced convection and nucleate

boiling heat transfer parameters is undertaken in the pre-

sent work. For this purpose, effect of surface motion and

surface temperature gradient is considered using Navier–

Stokes and energy equations and similarity solution is

obtained for single-phase state. For nucleate boiling

regime, a numerical mechanistic model based on
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superposition of the forced convection and pool boiling is

applied. The mentioned effects are investigated in heat

transfer characteristics of both single- and two-phase states

such as Prandtl number, dimensionless number of heat flux,

Nusselt number, the temperature of onset of nucleate

boiling and boiling curve, and also the distribution of these

characteristics is derived in different locations of stagna-

tion region and the obtained result is discussed.

Model of the problem

The impinging jets are categorized in five different con-

figurations, as: free-surface jet, plunging jet, submerged jet,

confined jet and wall jet [17]. This study focuses on the

free-surface jets. The detail of an impinging jet configu-

ration and two-dimensional flow profile in the impinge-

ment region of a planar jet with a velocity vj and

temperature T1 on a stationary flat plate is illustrated in

Fig. 1.

As the water jet impinges on the heated surface, the flow

is assumed to divert symmetrically around the stagnation

line and extends to the surface in a parallel manner. The

velocity profiles in viscous boundary layer and free-stream

(inviscid) region are depicted in stagnation and accelera-

tion regions. The pressure is maximum at the stagnation

line (x ¼ 0) and decreases away from it. The pressure on

the surface at the stagnation line can be obtained by the

Bernoulli’s equation:

P ¼ P0 þ
1

2
V2
j ð1Þ

The majority of jet impingement studies investigate the

area of the stagnation region since the heat transfer

enhancement is significant in this area and continuously

decreases in the direction away from the stagnation region

[17, 26–32]. The motion of the plate with a typical velocity

of Vp has significant effect on the velocity field and surface

tension. This study considers effect of the surface velocity

in motion parallel to the flow direction (x� 0). The dis-

tribution of the dimensionless flow velocity components �U
in boundary layer width (g) for three different locations in

stagnation region is presented in Fig. 2 for a stationary

plate (Vp ¼ 0) and a moving plate (Vp ¼ 1). As it can be

seen, the velocity profiles for the moving plate differ

remarkably from those for the stationary plate.

x 

y 
z u∞=Cx 

u=Cxf ′
u∞=vj
u= vj f ′

w/2 

w 
vj, T∞

w/2 

boundary layer

stagnation line

Fig. 1 Flow velocity profile of an impinging planer jet on a stationary

plate in stagnation region and away from it
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Fig. 2 Dimensionless profile of flow velocity component u in the

vicinity of a a stationary and b moving plate

Single- and two-phase water jet impingement heat transfer on a hot moving surface 1403

123



Mathematical formulation

Single-phase forced convection heat transfer

The forced convective heat flux can be calculated by

Newton’s law of cooling as:

q00fc ¼ h Ts � Tfð Þ ¼ h DTfð Þ ð2Þ

To calculate heat flux, it is needed to know the corre-

lations of the heat transfer coefficient h. This coefficient

can be obtained by solving the boundary layer equations.

Consider a steady, two-dimensional, incompressible, lam-

inar boundary layer flow and heat transfer of a viscous fluid

in the neighborhood of a stagnation point on a flat plate

located in the plane y ¼ 0. The problem is formulated in

Cartesian coordinates x; yð Þ with corresponding velocity

components u; vð Þ under the following assumptions:

• Liquid properties in boundary layer are estimated in

film temperature:

Tf ¼
1

2
Ts þ T1ð Þ ð3Þ

• The Bernoulli’s equation is employed in the potential

region:

� 1

q
op

ox
¼ U1

dU1
dx

ð4Þ

• Boundary layer flow is assumed laminar. For stagnation

flow, critical Reynolds number (Rew;cr ¼ vjw

m ) was

reported about 4000 by Lienhard [33]. The range of

Reynolds number in the present study (with vj � 1:25

and wj ¼ 1 mm) is less than 4000.

The simplified form of the two-dimensional laminar

boundary layer equations is presented as following:

Continuity equation:

ou

ox
þ ov

oy
¼ 0 ð5Þ

Momentum equation:

u
ou

ox
þ v

ou

oy
¼ U

dU

dx
þ m

o2u

oy2
ð6Þ

Energy equation:

u
oT

ox
þ v

oT

oy
¼ a

o2T

oy2
ð7Þ

The free-stream velocity component of the classical

potential flow solution is U ¼ Cx. The C parameter intro-

duces the velocity gradient which is expressed in terms of

the jet velocity and the jet width as C ¼ �C
vj
w
, [34], where

the value of �C ¼ p
4
is valid for 0� x� 1, [1].

Similarity solution

To convert partial differential Eqs. (6, 7) into a set of

ordinary differential equations, the following dimension-

less similarity variables are introduced:

g ¼
ffiffiffiffi
C

m

r

y; u ¼ Cxf 0ðgÞ þ VpIðgÞ; v ¼ �Cf ðgÞ; hðgÞ

¼ T � T1
Ts � T1

ð8Þ

where Vp is the velocity of plate motion and the function

IðgÞ reflects effects of this motion on the flow velocity in

the boundary layer. The no-slip condition because of vis-

cous effects causes that the horizontal flow velocity u near

the surface at each point (x) to have a velocity of the sur-

face speed Vp. So, the function IðgÞ should be the largest

(unit) at the plate surface (y ¼ 0) and become smaller away

from the surface, as expected from Fig. 2. For a stationary

plate Vp ¼ 0, the velocity component u reduces to the form

Cxf 0ðgÞ which is used for the stationary plate [25].

To generalize the equation, the dimensionless variables

of the problem are defined as the following:

X ¼ x

wj

; U ¼ u

Vj

; Vp ¼
Vp

Vj

; ð9Þ

and

hs ¼
Ts � T1
Ts0 � T1

ð10Þ

where Ts0 is surface temperature at the stagnation line. A

linear local variation of the surface temperature near the

stagnation line is considered as follows:

hs ¼ 1þ bX ð11Þ

where b is the dimensionless surface temperature gradient

in the vicinity of the stagnation line. Note, that for a surface

with constant temperature (Ts ¼ Ts0 at each local distance),

according to Eq. (10), hs ¼ 1 and therefore b ¼ 0. Sub-

stituting the transformations (6) into the momentum and

energy Eqs. (6) and (7) and applying Eqs. (9–11) yields the

following nonlinear ordinary differential equations:

f 000 þ ff 00 � f 02 þ 1 ¼ 0 ð12Þ

I00 þ fI0 � f 0I ¼ 0 ð13Þ

h00 þ pr fh0 � Xf 0 þ VpI

C

� �
b
wj

h
hs

� �
ð14Þ

The boundary conditions in Eqs. (12)–(14) are as:
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g ¼ 0 :
u ¼ 0; v ¼ 0; T ¼ Ts

f 0 ¼ f ¼ I ¼ 0; h ¼ 1

(

ð15Þ

g ! 1 :
u ¼ U1; T ¼ T1
f 0 ¼ 1; I ¼ 0; h¼0

�
ð16Þ

The heat transfer coefficient h can be calculated by the

following relation:

h ¼ �
KoT

oy

			
y¼0

DTf
¼ �qcpPr

�1
ffiffiffiffiffiffi
Cm

p
h0ð0Þ ð17Þ

Equations (12–14) with the boundary conditions (15)

and (16) are a set of coupled highly nonlinear ordinary

differential equations with boundary values. One of the

most convenient and efficient method to solve boundary

value problems of a set of nonlinear ODEs is the fourth-

order Runge–Kutta numerical method. The boundary value

problems such as mentioned equations have an unknown

parameter in upper boundary condition (g1). So, the upper

boundary conditions f 0 1ð Þ, I 1ð Þ and h 1ð Þ may be sub-

stituted by the initial boundary conditions f 00 0ð Þ, I0 0ð Þ and
h0 0ð Þ, to convert boundary value problem to an initial value

problem. For this purpose, the shooting technique is

applied along with the fourth-order Runge–Kutta method

with initial guesses for values of f 00 0ð Þ, I0 0ð Þ and h0 0ð Þ and
an iterative solution procedure till satisfaction of the upper

(initial) boundary conditions f 0 1ð Þ, I 1ð Þ and h 1ð Þ.

Nucleate pool boiling heat transfer

In different surface temperatures, various heat transfer

regimes are observed. Within the surface temperature

below the temperature required for vapor bubble nucle-

ation, i.e., Ts � Tsonb, single-phase cooling regime occurs.

When the surface temperature is well above the saturation

temperature of the liquid, isolated vapor bubbles begin to

nucleate and grow on the surface. This temperature is

shown as Tonb(onset of nucleate boiling) in Fig. 3. The

results of investigations into rates of heat transfer in boiling

are usually plotted on a graph of surface heat flux ðq00Þ
against wall superheat ðDTsatÞ which is called the boiling

curve. The trend of the pool and flow boiling curves in

forced convection (single phase) and nucleate (partial and

fully developed) boiling (two-phase) regions which are

under study in this paper is shown schematically in Fig. 3,

[25].

As it is seen, in a fixed wall superheat ðDTsatÞ, the heat

transfer rate of flow boiling is more than pool boiling

because of the forced convection effects. According to the

figure, total heat flux can be expressed as a combination of

forced convection and pure pool boiling heat flux. This

idea of additive contributions was first introduced by

Rohsenow [35]. Then, Bergles and Rohsenow [36] devel-

oped this idea by considering this point that just prior to

incipient boiling, heat flux still can be expressed by forced

convection heat flux. The present authors in their last study

[25] presented the following equation for flow boiling as:

q00 ¼ q002fc þ Sq00nb

 �2� 
1

2 ð18Þ

The nucleate boiling heat flux q00nb is calculated from the

following equation:

q00nb ¼ hnb Ts � Tsatð Þ ¼ hnbDTsat ð19Þ

where hnb is computed by Gorenflo’s correlation [25, 37].

The suppression factor, S, in Eq. (18) shows the effects

of forced convection on pool boiling in flow boiling regime

and is defined as the following [25]:

S ¼ 1� DTsatonb
DTsat

� �3

; ð20Þ

where

DTsatð Þ
onb
¼ 1þ 1þ 4kDTsubð Þ

1
2

2k
ð21Þ

And,

k ¼ kfhfg

8rmgTsath
ð22Þ

Using Eqs. (21) and (22) and substituting into Eq. (20)

yields the following expression for suppression factor as an

explicit function of thermo-physical properties of liquid jet

and surface temperature as:

Surface temperature,Tw

H
ea

tf
lu
x,

q'
'

T T T

Single_phase forced convection

Fully
developed
nucleate
boiling

Partial nucleate boiling

q''FC

q''

q''nb

ONB FDBSat

Fig. 3 Schematic of the boiling curves: Solid line denotes the flow

boiling; dashed line denotes the pool boiling curve
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S ¼ 1� 1þ 1þ 4kDTsubð Þ
1
2

2kDTsat

 !3

ð23Þ

As it can be seen, S considers effects of jet velocity and

liquid temperature (subcooling) with considering forced

convection heat transfer coefficient h and also thermo-

physical property of the liquid jet, properly under the

physical conception of the problem.

Results and discussion

Single phase

Results of the numerical integration of Eqs. (12–14) for a

plate with arbitrary surface temperature gradient are plotted

in Fig. 4. As it can be seen, the numerical solution shows

that the results have not significant variations for g � 3

which means dimensionless boundary layer thickness g1
to be order of 3.

Along the stagnation line (X ¼ 0), the x component of

flow velocity,u, is governed by dimensionless function IðgÞ
according to Eq. (8), which rapidly approaches zero as g
increases. Hence, for g � 3, surface motion has a negligi-

ble effect on the flow. In vicinity of the stagnation line,

flow velocity u depends on both function f 0ðgÞ and IðgÞ
(Eq. (8)). The effect of the free stream is governed by f 0ðgÞ
which is coincided to unity for g � 3. As can be seen from

Fig. 4, the functions f 0ðgÞ and IðgÞ are in contradiction to

each other, and the importance of surface motion depends

on the distances from the stagnation line X as well as from

the surface g.
Energy Eq. (14) is dependent on the four parameters

Prandtl number Pr, dimensionless surface velocity Vp,

dimensionless surface temperature gradient b and dimen-

sionless local distance from stagnation line X. First, the

effect of Prandtl number on the heat transfer rate is

investigated and then the effect of the other parameters will

be investigated on the heat transfer for a given water jet

temperature (T1 ¼ 75 	C) which means a constant Pr (Pr

= 2.4) and a given surface temperature at stagnation line in

a range where single-phase cooling happens (Ts0 ¼ 90 	C).

The local Nusselt number Nuw can then be calculated from

the following relation:

Nuw ¼ hwj

k
ð24Þ

The heat flux distributions in stagnation region can be

presented with X as the independent variable and Nuw as

the dependent variable. However, as it is shown further in

Fig. 5, the heat transfer distributions can be presented more

generally with the dimensionless number NuwRe
�1

2
w as the

dependent variable. Using Eqs. (17) and (24) and with

definition of free-stream velocity gradient near stagnation

line as C ¼ �C
vj
w
, dimensionless number NuwRe

�1
2

w is calcu-

lated as:

NuwRe
�1

2
w ¼ �h0 0ð Þ

hs xð Þ
ffiffiffiffi
C

p
ð25Þ

The variation of heat flux q00 and dimensionless number

NuwRe
�1

2
w with respect to the Pr number is depicted in

Figs. 5 and 6. As can be seen, with increasing Pr as a result

0 1 2 3
0

0.5

1

f
f ′
I

Fig. 4 Dimensionless profiles regarding flow velocity (f ; f 0; I) and

temperature (h) in the stagnation region

Pr

H
ea

t f
lu

x/
M

W
m

–2

2 2.5 3 3.5 4 4.5 5 5.5
0

0.2

0.4

0.6

0.8

1

1.2

Fig. 5 Variation of q00, with respect to Pr
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of decreasing free-stream temperature (jet temperature),

the rate of the heat transfer increases. This is because with

increasing the difference between flow and wall tempera-

tures according to Eq. (2), the heat flux increases. It also

can be observed that the trend of heat flux variation and

dimensionless number NuwRe
�1

2
w is totally the same. So, to

investigate the effect of the other parameters on heat flux,

the distribution of NuwRe
�1

2
w is investigated and illustrated

in the rest of this part.

When surface temperature is constant (b ¼ 0), energy

Eq. (14) is not a function of local distance and hence heat

transfer does not change in stagnation region. So, values of

NuwRe
�1

2
w are equal in the vicinity of the stagnation line and

have a constant amount of 0.68 in all points of stagnation

region. With increasing temperature gradient at the surface

( bj j "), temperature along the surface would decrease. As a

result, the rate of heat transfer decreases. As shown in

Fig. 7, with increasing b, this reduction along the surface

would be more significant compared to the value of that in

the stagnation line. Furthermore, when b ¼ 0, the effect of

the surface velocity is disappearing in energy equation and

variations in Vp do not affect the rate of heat transfer in the

stagnation region (Fig. 8).

To see the effect of surface velocity, distribution of

NuwRe
�1

2
w in stagnation region is illustrated for b ¼ �0:1

and different surface velocities. As it can be seen, when the

motion of surface increases, the rate of heat transfer

decreases in all points of stagnation zone, and for the larger

value of surface velocity, at a fixed location in stagnation

region, NuwRe
�1

2
w is smaller. The value of NuwRe

�1
2

w

decreases since warmer fluid near the wall is transported by

the surface motion to regions located downstream with

respect to the direction of surface motion which is the

result of decreasing fluid temperature gradients in the

direction perpendicular to the plate.

As previously shown, heat transfer at the stagnation line

(X ¼ 0) on a moving plate depends on the surface speed Vp

only when the surface temperature is spatially varying in

accordance with Eqs. (14) and (22). A comparison between

values of Nusselt number at the stagnation line of a moving

plate with different velocities with those of the stationary

plate for different values of b is shown in Fig. 9. The

Pr

N
u

Re

2 3 4 5

0.66

0.68

0.7

0.72

0.74

0.76

–1
/2

w
w

Fig. 6 Variation of heat transfer dimensionless number NuwRe
�1

2
w ,

respect to Pr

X

N
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__

–1
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w
w

Fig. 7 Effect of dimensionless surface temperature gradient b on heat

transfer in the stagnation region with Vp ¼ 1

X

N
u
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0.7
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__

–1
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w
w

Fig. 8 Effect of surface velocity Vp on heat transfer in the stagnation

region with b ¼ �0:1
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values of Nu� are smaller for larger magnitudes of the

dimensionless surface temperature gradient. In terms of

Nu�, reductions are greater at higher values of Vp.

Two phases

It is known that the onset of nucleate boiling is an

important point in boiling problems and especially in the

present model which depends on it through suppression

factor. The effect of velocity and temperature gradient of

the surface on the temperature difference in the onset of

nucleate boiling,DTonb, at the stagnation line and at a typ-

ical local distance from it, X ¼ 0:5, is depicted in Fig. 10a,

b. When b ¼ 0, plate motion has no influence on DTonb in

all locations of stagnation region (Fig. 10a). When b 6¼ 0,

DTonb decreases with increasing Vp. Also, this reduction

becomes larger with increasing local distance of stagnation

line. As it was discussed before, in these conditions, the

rate of heat transfer decreases and thus h decreases, and

hence, according to Eq. (21) with decreasing h, the quan-

tity DTonb decreases (Fig. 10b).

Boiling incipience depends strongly on heat transfer

coefficient of forced convection, Eq. (21). By decreasing

h(as a result of decreasing surface temperature or in other

word increasing b), the onset of nucleate boiling is shifted

to the lower wall superheat temperatures as shown in

Fig. 10b and also is observed in Fig. 11.

Figure 11 shows boiling curve that is plotted with heat

flux through heated surface as the ordinate against wall

superheat temperature when �Vp ¼ 2 and DTsub0 ¼ 15 	C.

By considering jet velocity and liquid temperature (sub-

cooling), as seen, onset of nucleate boiling temperature is

larger than saturation temperature (Also seen in Fig. 3).

For a surface temperature, less than Tonb flow is in single

phase and heat transfer regime is forced convection. So,

slope of the boiling curve is almost constant (Newton’s law

of cooling: Eq. (2)). Upon reaching temperature Tonb, the

first nucleation sites are activated and the first bubbles are

formed and grow. So, the evaporation is initiated and dis-

crete bubbles begin to attach on the surface, leading to

enhancing heat transfer. In this level, boiling regime is

partial nucleate boiling where vapor generation is limited

to a small population of bubbles and the bulk flow
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continuing to strongly influence convection heat transfer

from the surface. As a result of latent heat and bubble

formation effects, the rate of heat transfer exceeds the

single-phase case. With further increase in surface tem-

perature, more bubbles form (increase in bubble density)

and bubble departure from the surface increases. So, the

heat flux increases abruptly in such a way that the slope of

the boiling curve has a significant growth in fully devel-

oped boiling regime (Figs. 3, 11). The effect of tempera-

ture gradient of surface in single and nucleate boiling

regime (partial and fully developed) through illustration of

boiling curve at the stagnation line is presented in Fig. 11.

As it can be observed, surface temperature gradient has a

noticeable effect in single phase and less effect in partial

nucleate boiling.

The effect of plate motion and local distance from

stagnation line on boiling curve has the similar trends to the

surface temperature gradient effect (Figs. 12, 13). With

increasing surface velocity or local distance from stagna-

tion line, the heat flux in single and partial nucleate boiling

regime decreases. In the fully developed nucleate boiling

regime, the surface conditions including the velocity and

temperature gradient of the surface and also local distance

from stagnation line have no significant influence on the

rate of the heat transfer and the results almost collapse to a

single curve. This is because in fully developed regime, the

heat transfer mechanism is dominated by evaporation and

bubbles motion and agitation [25].

Conclusions

The combination of a similarity solution and a numerical

mechanistic model has been presented to investigate the

effects of surface motion, arbitrary surface temperature

distribution and local distance of stagnation line on single

and nucleate boiling heat transfer in stagnation region of a

laminar planar water jet impingement. In addition, the roles

of main heat transfer parameters have been clearly dis-

closed. Results indicate that surface motion does not affect
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heat transfer when the surface temperature is constant. For

a non-uniform surface temperature, the effect of surface

motion has found to decrease convective heat transfer and

this reduction becomes larger with distance from the

stagnation line. Furthermore, when the surface temperature

gradient is nonzero, the onset of nucleate boiling temper-

ature decreases with increasing surface velocity in stag-

nation line and its neighborhood. However, these effects

were most pronounced in the single-phase and partial

boiling regimes, where heat transfer mechanism is domi-

nated by the temperature and hydrodynamics of the bulk

flow. Finally, it has been shown that within the fully

developed boiling regime where heat transfer mechanism is

dominated by evaporation and bubbles motion and mixing,

the surface conditions including the velocity and temper-

ature gradient of the surface and also local distance from

stagnation line have no significant influence on the rate of

the heat transfer.

References

1. Inada S, Miyasaka Y, Izumi R. A study on the laminar-flow heat

transfer between a two-dimensional water jet and a flat surface

with constant heat flux. Bull JSME. 1981;24(196):1803–10.

https://doi.org/10.1299/jsme1958.24.1803.

2. Wang B, Guo X, Xie Q, Wang Z, Wang G. Heat transfer char-

acteristic research during jet impinging on top/bottom hot steel

plate. Int J Heat Mass Transf. 2016;101:844–51.

3. Dagtekin I, Oztop HF. Heat transfer due to double laminar slot

jets impingement onto an isothermal wall within one side closed

long duct. Int Commun Heat Mass Transf. 2008;35(1):65–75.

4. Ellahi R, Alamri SZ, Basit A, Majeed A. Effects of MHD and slip

on heat transfer boundary layer flow over a moving plate based

on specific entropy generation. J Taibah Univ Sci.

2018;12(4):476–82. https://doi.org/10.1080/16583655.2018.

1483795.

5. Majeed A, Zeeshan A, Alamri SZ, Ellahi R. Heat transfer anal-

ysis in ferromagnetic viscoelastic fluid flow over a stretching

sheet with suction. Neural Comput Appl. 2018;30(6):1947–55.

https://doi.org/10.1007/s00521-016-2830-6.

6. Mahian O, Pop I, Sahin AZ, Oztop HF, Wongwises S. Irre-

versibility analysis of a vertical annulus using TiO2/water nano-

fluid with MHD flow effects. Int J Heat Mass Transf.

2013;64:671–9. https://doi.org/10.1016/j.ijheatmasstransfer.2013.

05.001.

7. Mahian O, Oztop H, Pop I, Mahmud S, Wongwises S. Entropy

generation between two vertical cylinders in the presence of

MHD flow subjected to constant wall temperature. Int Commun

Heat Mass Transf. 2013;44:87–92. https://doi.org/10.1016/j.

icheatmasstransfer.2013.03.005.
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