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Abstract

A transient numerical analysis for fluid flow and heat transfer from a planar jet impingement on a finite thickness

substrate is performed. A discrete heating boundary condition is applied to the substrate’s under side; by including the

effect of buoyancy, some assisting or opposing mixed convection configuration can be modelled and regions of

momentum dominated, buoyancy dominated and unstable flows can be monitored. For low volumetric flows and small

temperature differences, different competitive heat transfer modes can be detected, as conduction may affect heat

transfer away from the impact site in the initial times, and flow pattern is driven by the ruling convective mechanism,

whether forced or natural. The related flow field and local heat transfer rate are investigated as a function of a variety of

geometry configurations, material coupling and thermal-fluid driving factors, for the unitary value of the mixed con-

vection parameter Ri (transitional mixed convection).

Normalized heat transfer coefficients along the impinged substrate are reported by a parametric evaluation and may

be employed to control the distribution of heat transfer at the given configuration. The inclusion of the conduction

mechanism in the analysis confirms that the conjugate effect (heat transfer reversal) cannot be neglected during the

initial exposition when an opposing cooling jet configuration is realized, for the largest investigated Re.
� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Jet impingement (JI) is claimed to yield favorable

heat transfer characteristics even for low volumetric

flows. With ease of implementation, enhanced heat

transfer rates are attained when a jet flow is directed

from a nozzle of a give configuration to a target surface.

JI flow structure can be summarized into three charac-

teristic regions, shown in Fig. 1: the free jet region

formed as jet exits with a velocity distribution vðxÞ, the
impingement (stagnation) flow region formed upon jet
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impact and deflection, and the wall jet region formed

upon re-acceleration of the flow along the confining

surface. The wall jet may significantly contribute to the

heat exchange in a conjugate configuration (simulta-

neous conduction in the target and convection by the jet

flow), depending on target thickness and extent of heat

transfer boundary. Either circular or planar nozzle

geometry are usually employed, the choice being dic-

tated by the fact that the slot jet provides a larger

impingement zone, while the circular nozzle insures a

more localized high transfer rate.

A reference to the most recent reviews by Jambuna-

than et al. [1] and Viskanta [2] for gaseous jets, or by

Webb and Ma [3] for liquid jets, among others, can be

made for a survey of configurations and comparison of

theoretical and experimental JI works. JI studies are

sustained by a considerable interest due to its potential
ed.
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Nomenclature

cp specific heat at constant pressure,

kJ kg�1 K�1

g gravitational acceleration constant, m s�2

Gr Grashof number, dimensionless

k thermal conductivity, Wm�2 K�1

K thermal conductivity ratio, dimensionless

l domain length, m

L dimensionless domain length

p pressure, Pa

P dimensionless pressure

Nu Nusselt number, dimensionless

Pr Prandtl number, dimensionless

Re Reynolds number, based on nozzle width,

dimensionless

Ri Richardson number, dimensionless

t temperature, K

T dimensionless temperature

u x-component velocity, m s�1

U dimensionless x-component velocity

v y-component velocity, m s�1

V dimensionless y-component velocity

x coordinate, m

X dimensionless coordinate

y coordinate, m

Y dimensionless coordinate

w jet width, m

Greek symbols

c coefficient in Eq. (3)

l dynamic viscosity, Pa s

q density, kgm�3

h time, s

H dimensionless time

Subscripts

c heating component

f fluid sub-domain

j jet

s solid sub-domain

1x undisturbed, along x
1y undisturbed, along y

Fig. 1. Jet impingement flow regions.
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application in industrial thermal control and material

processing and conditioning. JI offers these favorable

characteristics even for low volumetric flows, as in

chemical vapor deposition (CVD). In a recent experi-

mental report by Mathews and Peterson [4], a carrier gas

is used in semiconductor manufacturing to deliver sili-

con to the surface of a substrate wafer. Higher quality,

uniformity and growth rate of deposited film are ensured

by the knowledge of the heat transfer local rate and
carrier gas stability conditions, in turn dictated by sec-

ondary flow patterns favored by the inherent buoyancy.

The control of a heat or mass flux distribution rate along

the impinged surface is an additional favorable JI fea-

ture, yet the occurrence of competition between transfer

of heat by conduction in the substrate and by convection

in the fluid can alter this distribution, indicating the need

of a more realistic modelling approach.

Despite the large body of literature on JI, as most

work has been limited to the fluid region, there is a lack

of knowledge of the conjugated mechanisms that drive

the enhancement of heat transfer, when an aiding/

opposing jet-surface orientation is adopted, or its

reversal, when concurrent substrate conduction is pres-

ent. The transitional convective regime, i.e. the pure

natural and the pure forced convection mechanisms are

of the same order of magnitude [5], is a specially inter-

esting case.

Starting with the pioneer works by Wang et al. [6–9],

these and two other research groups [10–12] have carried

out studies on the conjugate effect for laminar, non-

buoyant JI under the assumption of uniform heating of

the solid region, but in more realistic configurations the

influence of discrete boundary conditions on JI heat

transfer are certainly relevant. Under the discrete b.c.

assumption, Schafer et al. [13] first provided measure-

ments for the heat transfer relative to a laminar slot jet

to cool an array of discrete, flush-mounted heat sources

in a channel, then performed a numerical simulation

relative to the same arrangement under a laminar JI [14],



Fig. 2. Study domains and nomenclature (not to scale).
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although the generality of the study of the conjugate

effect was limited, due to the absence of competing

conduction. Their findings confirmed the relative merit

of dimensionless geometry and solid–fluid coupling

parameters, such as Prandtl number and conductivity

ratio. Manca et al. [15] noticed the occurrence of the

reversal effect, found by a numerical simulation. For a

laminar confined JI, the effect of the solid thickness and

the extent of a heating source is such that the substrate

helps diffuse heat away from the stagnation region, but

starting from a certain distance downstream, the heat is

transferred back to the solid. For a similar configuration

and using the same approach, Ruocco [16] investigated

the conjugate heat transfer mechanism and fluid flow

patterns in detail, by reporting their 3-D representations

relative to air or water confined JI coupling with an

alumina plate. Then again, Ruocco [17] inferred the

relationship between total generated entropy and aver-

age heat transfer rate, for a still similar configuration,

based on solid–fluid coupling characteristics. Finally,

Bula et al. [18] analyzed by a finite element technique the

conjugate heat transfer to an heated disk impinged by a

laminar liquid jet, finding that the disk thickness and

heating sectors locations strongly influence the local heat

transfer rate.

When the inlet flow velocity is relatively low and the

temperature difference between the target surface and

the flowing fluid is large enough, the velocity and tem-

perature fields are strongly influenced by buoyancy. This

is particularly important to the alteration of the recir-

culation pattern that is formed by the jet flow upon

interaction with the substrate surface. A variety of

assisting or opposing flows may be therefore conceived,

depending on jet-surface temperature difference and

surface orientation, and heat and mass transfer

enhancement is likely to occur under these assumptions.

A first study on buoyancy effect to pure fluid JI has been

presented by Yuan et al. [19], who primarily found a

substantial heat transfer enhancement for high Rich-

ardson number conditions, and jet offset peaks in the

Nusselt number distribution. Later, Wang et al. [20]

studied numerically a non-confined circular JI on a he-

ated surface. They found that the Nusselt number is

considerably influenced by natural convection only in

the case of large difference between the initial gas tem-

perature and the substrate temperature and at low

Reynolds number, with detrimental effects on the heat

transfer at the stagnation point. Finally, Potthast et al.

[21] also performed mixed convection simulations rela-

tive to confined axial or radial JI. They found that free

convection may influence the JI on a horizontal plate by

increasing the heat transfer, and obtained periodic

solution for the smallest Grashof number and chaotic

flow for the largest Grashof number.

As mentioned in the above, the alteration of JI flow

structure due to buoyancy, and its impact on competing
conduction is still largely unexplored. Altieri et al. [22]

assessed, for few noteworthy configurations, the local

Nusselt number distributions due to assisted and op-

posed impinging jets along the impinged substrate. The

present numerical work is intended to extend such

analysis to describe the enhancement and reversal of

heat transfer in a discretely heated, finite thickness

substrate, placed into an unconfined space, impinged by

a flow in transitional mixed convection (Ri ¼ Gr=
Re2 ¼ 1). To this end, the thermal and flow fields are

determined by resolving the impact boundary layer in

such peculiar mixed convection configuration, while

special care is used to ensure convergence for assisting or

opposing flows.
2. Analysis

In this work a cooling impinging jet discharges ver-

tically from an adiabatic feed tube into an unconfined

space, limited by a heated solid substrate (included in

the domain), with a fully developed profile. The exam-

ined arrangement is drawn in Fig. 2, where only half

section of the domain is considered due to the geometry

and thermal symmetries. The following assumptions are

adopted: (1) The flow is laminar, due to the choice made

on the dimensionless mixed convection parameter,

which will be discussed in the next section. (2) The flow

is two-dimensional and incompressible with constant

properties, while the variation of density with tempera-

ture is only allowed to account for the Boussinesq

approximation. (3) The viscous heat dissipation is ne-

glected. (4) A constant temperature condition is applied

to a sector of impinging plate’s under side, and no-slip is

considered to its upper side. (5) The outer boundaries of
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the system are considered adiabatic, and relative

momentum conservation equations are rendered locally

parabolic, as the corresponding normal-wise diffusion is

assumed to be zero. (6) The thermal-fluid boundary

conditions imposed at the feed tube inlet are such that

the contingent effect of buoyancy on jet discharge (flow

reversal in the tube) is not considered.

With reference to the previous statements the gov-

erning dimensionless equations of conservation, in

Cartesian coordinates, are:

Continuity:

oU
oX

þ oV
oY

¼ 0 ð1Þ

Momentum in the x-direction:

oU
oH

þ U
oU
oX

þ V
oU
oY

¼ 1

Re
o2U
oX 2

�
þ o2U

oY 2

�
� oP
oX

ð2Þ

Momentum in the y-direction:

oV
oH

þ U
oV
oX

þ V
oV
oY

¼ 1

Re
o2V
oX 2

�
þ o2V

oY 2

�
� oP
oY

þ cRiT

ð3Þ

with c ¼ þ1 or )1, for the upward facing jet (aiding

convection) or the downward facing jet (opposing con-

vection).

Energy in fluid sub-domain:

oT
oH

þ U
oT
oX

þ V
oT
oY

¼ 1

RePr
o2T
oX 2

�
þ o2T
oY 2

�
ð4Þ

Energy in solid sub-domain:

oT
oH

¼ o2T
oX 2

þ o2T
oY 2

ð5Þ

The following dimensionless quantities and coefficients

are defined:

H ¼ hvj
w

; X ¼ x
w
; Y ¼ y

w
; L ¼ l

w
;

U ¼ u
vj
; V ¼ v

vj
; P ¼ p � p1x;y

qv2j
; T ¼ t � tj

tc � tj
;

Gr ¼
q2
j gðtc � tjÞw3

tjl2
j

; K ¼ ks
kf
; Re ¼

qjvjw

lj

;

Pr ¼
cpjlj

kj
; Ri ¼ Gr

Re2

ð6Þ
2.1. Boundary conditions

The initial condition, in both solid and fluid domains,

is the following:
U ¼ 0; V ¼ 0 in the fluid domain

T ¼ 0 in both domains
ð7Þ

The boundary conditions are defined as follows:

Jet inlet (06X 6 0:5, Y ¼ L1y � Lj):

U ¼ 0; V ¼ 1:5ð1� 4X 2Þ; T ¼ 0 ð8Þ

Fluid symmetry plane (X ¼ 0, L1y � Lj < Y < L1y):

U ¼ 0;
oV
oX

¼ 0;
oV
oX

¼ 0 ð9Þ

Substrate symmetry plane (X ¼ 0, L1y 6 Y < L1y þ Ls):

oT
oX

¼ 0 ð10Þ

Feed tube wall (X ¼ 0:5, 06 Y < L1y � Lj):

U ¼ 0; V ¼ 0;
oT
oX

¼ 0 ð11Þ

Substrate–fluid interface (0 < X 6 L1x, Y ¼ L1y):

U ¼ 0; V ¼ 0; Tf ¼ Ts;
oTf
oY

¼ K
oTs
oY

ð12Þ

Fluid, at undisturbed distance along X (X ¼ L1x,

0 < Y < L1y):

V ¼ 0;
oU
oX

¼ 0;
oT
oX

¼ 0 ð13Þ

Fluid, at undisturbed distance along Y (0 < X 6 L1x,

Y ¼ 0):

U ¼ 0;
oV
oY

¼ 0;
oT
oY

¼ 0 ð14Þ

Substrate, at undisturbed distance (X ¼ L1x, L1y 6 Y <
L1y þ Ls):

oT
oX

¼ 0 ð15Þ

Substrate back side, constant temperature sector

(0 < X 6 Lc, Y ¼ L1y þ Ls):

T ¼ 1 ð16Þ

Substrate back side, adiabatic sector (Lc < X < L1x,

Y ¼ L1y þ Ls):

oT
oX

¼ 0 ð17Þ
2.2. Numerical method and additional considerations

A SIMPLEC procedure is employed to integrate the

governing equations with related boundary conditions,

whose details are reported in [22] including the algebraic

solver, except for the time dependance which is enforced
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in this study. The effect of the different values of solid

domain lengths L1x and L1y has first been monitored, to

enforce boundary conditions (13) and (14), and the

optimal values of 20 and 16 was respectively selected.

Once the flow field is obtained by solving Eqs. (1)–(3) in

the fluid domain, the thermal field can be calculated by

solving Eqs. (4) and (5) in both domains; a harmonic

mean is used at the domain interface to deal with the

discontinuity in the thermal conductivity.

The final solution for each time step is then iteratively

sought updating the driving parameters Gr and Re,
which form the mixed convection parameter Ri, and the

thermodynamic property parameter Pr. In fact, accord-

ing to the scale analysis reported in the textbook by

Bejan [5], the dimensionless groups that serve as crite-

rion for transition from natural to forced convection are

Ri0:25
> 1; natural convection

< 1; forced convection

�

for fluids with Pr < 1 ð18Þ

and

Ri0:25

Pr0:083
> 1; natural convection

< 1; forced convection

�

for fluids with Pr > 1: ð19Þ

A stretched grid of 100 · 90 has been employed, in all

computations, to resolve the velocity and pressure gra-

dients in the boundary layer, induced by the impinge-

ment and redirection of flow. A grid-independence

positive check has also been performed on a 180 · 140
grid. The time step has been kept consistently small to

ensure stability. Convergence of the numerical results,

for each time step, is assumed when the maximum

absolute difference between two consecutively iterated

solution sets is within 10�4 for U , V and P , and 10�6

for T .
Fig. 3. Base case, with Re ¼ 50 for air impinging on alumina in oppos

field (b).
Once the thermal field is obtained, the local Nusselt

number can be evaluated at the solid–fluid interface, by

using a 4-point Lagrangian interpolation of dimension-

less temperature derivative calculated at domain inter-

face:

Nux ¼ � oT
oY

� �
Y¼L1y

ð20Þ

Then a normalized heat exchange coefficient can be

formed as Nux=ðRe1=2Pr1=3Þ. Except when transient

solutions are sought, a steady state is reached as Nu is

kept within 10�3 between two consecutive time steps.

The validation of the model has been reported in [22]

through comparison of Nu distributions, against the

pure fluid calculations at steady state of Yuan et al. [19]

for a heated air jet. Only qualitative agreement has been

found, as the flow domain adopted by [19] was critically

limited and presumably could not account for specific

topologies such as wall or plume flows.

For the present calculations a mixed convection

condition has been enforced as described by (18) or (19),

and a geometry and fluid dynamic base-case has been

set: Lc ¼ 0:5, Ls ¼ 0:25, Lj ¼ 2:0, Re ¼ 10. Various

material coupling has been explored by setting K for

the following combinations: epoxy fiberglass–water:

4.44· 10�1, alumina–water: 2.83 · 102, alumina–air:

6.29· 103. As usual, Pr was set as 0.71 or 6.5 for air or

water, respectively.
3. Results and discussion

A number of parameters have been monitored that

affect local heat transfer in the jet vicinity, by keeping

the nozzle height Lj and the component width Lc as

constants. In Figs. 3 and 4 two typical combinations of

flow and temperature fields at steady state are presented,
ing mixed convection: temperature distribution (a) and velocity



Fig. 4. Base case, with Re ¼ 50 for air impinging on alumina in aiding mixed convection: temperature distribution (a) and velocity

field (b).
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to illustrate their variation to jet orientation. In partic-

ular, it is seen in Figs. 3a and 4a that the solutions for T
include the distribution in the substrate; in Fig. 3b is

then seen how the plume develops along the nozzle wall

side, when a downward jet is configured, while for the

upward configuration Fig. 4b evidences the usual wall

jet, accelerating upon impingement (forming the stag-

nation region) and redirection.

The local heat transfer rate is examined first by

studying the jet orientation, for two different Re num-

bers. In Fig. 5a such effect is displayed: it is evident, as

expected, that the upward facing jet (c ¼ þ1) offers

inherently higher heat transfer rates but the normalized

heat transfer gets worse for increasing Re. This is due to
the fact that, in order to keep Ri ¼ 1, the temperature

boundary condition value had to conform, but much

less than the increase in Re, and consequently is the heat

transfer rate. Moreover, starting at approximately

X ¼ 2:9 the downward jet (aiding convection) performs

better that the upward one for Re ¼ 10, as the effect of

the wall jet is found on the substrate, while for Re ¼ 50
Fig. 5. Effect of jet orientation in mixed convection:
this happens much later along the substrate (about

X ¼ 4:2, not shown) as the jet interacts more effectively

with the surface before being redirected upward as a

plume (as in Fig. 3).

The analysis of the effect of jet orientation is com-

pleted by Fig. 5b, in which the effect of two different

choices of substrate thickness is monitored on local heat

transfer. Here the effect of halving the thickness pro-

duces a decrease of the heat transfer rate, along the

entire impinged surface, as a result of the added resis-

tance to conduction. A conjugate effect (competition of

conduction and convection) is seen for both substrate

thickness in aiding convection, as secondary maxima are

found for X ¼ 4:3 and 6.0 when Ls are 0.125 and 0.25,

respectively: the additional conduction resistance at the

smaller thickness induces an earlier occurrence of this

phenomenon. Finally, conjugate effect is not present for

the downward jet, at any thickness, and the heat transfer

is independent on Ls for X > 6.

The effect of material conductivity coupling is mon-

itored instead in Fig. 6a for the upward facing jet. As
varying Re (a), or the substrate thickness (b).



(a) (b)

Fig. 6. Effect of conductivity coupling K (a), and convective mechanisms competition Ri (b) in aiding convection (upward facing jet,

c ¼ þ1).
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the heat transfer increase is not exactly monotone with

the dimensionless conductivity parameter K, one can

infer that this parameter is not an adequate descriptor

for the problem at hand, that is, the local heat transfer is

mostly dependent on transport rather than diffusion.

Even so, the effect of a scarcely conductive substrate

(epoxy fiberglass, K ¼ 4:44� 10�1) to a water jet is

largely felt as the heat transfer is several times smaller

than the case when alumina is employed instead

(K ¼ 2:83� 102).

The competition of different convective mechanisms

is presented in Fig. 6b, again for the upward facing jet. A

large plume forms an off-set maximum when strong

natural convection only is configured (Ri ¼ 16). The

figure evidences that the progress is barely monotone

with Ri, and steady-state solutions were hardly found for

large values of this parameter, confirming the findings of
(a) (

Fig. 7. Transient local normalized heat transfer distribution Ls ¼ 0:12

c ¼ þ1).
Potthast et al. [21]. The intermittent progress in pure

forced convection (Ri ¼ 0:06) is an artifact due to the Nu
approximation for a very small temperature difference

between jet and heated plate.

The transient behavior of the configuration at hand is

reported in the last set of figures. It is instructive to note

that for many configurations the conjugate effect, that is

the competitive effect of conduction over convection, is

found starting from the stagnation for various lengths in

the very first moments of substrate exposition. The heat

transfer reversal (the heat flux is directed from the flow

to the plate) vary with time very similarly depending on

different solid thickness, as is monitored in Fig. 7. the

effect of different solid thickness is first monitored. When

the effect of reverse orientation is examined instead, as in

Fig. 8, the progresses differ greatly but it is more effective

for a downward facing jet.
b)

5 (a), and Ls ¼ 0:25 (b) in aiding convection (upward facing jet,



(b)(a)

Fig. 8. Transient local normalized heat transfer distribution for Re ¼ 50 in aiding convection (upward facing jet, c ¼ þ1) (a), and in

opposing convection (downward facing jet, c ¼ �1) (b).
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4. Conclusions

A parametric numerical analysis has been conducted

to infer on the competition between different heat

transfer modes in laminar JI on a finite thickness, dis-

cretely heated substrate. Several effects have been mon-

itored such as jet orientation, Re, substrate thickness,

material coupling in mixed, pure forced or pure natural

convection. Heat transfer is locally evaluated depending

on such effects, whose inclusion must be made in any

analysis in order to yield correct predictions on the

studied configuration. Transient heat transfer distribu-

tion show the presence of heat transfer reversal which

has to be considered in those processes, as in CVD,

where is certainly appreciable and product-sensitive.
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