
On the impingement heat transfer of an oblique free
surface plane jet

Albert Y. Tong *

Department of Mechanical and Aerospace Engineering, University of Texas at Arlington, P.O. Box 19023, Arlington, TX 76019, USA

Received 6 May 2002; received in revised form 11 October 2002

Abstract

The objective of the present study is to understand the hydrodynamics and heat transfer of the impingement process,

particularly the complexities attributable to the asymmetric geometry of an oblique liquid plane jet. The Navier–Stokes

equations are solved using a finite-volume formulation with a two-step projection method on a fixed non-uniform

rectangular grid. The free surface of the jet is tracked by the volume-of-fluid method with a second order accurate

piecewise-linear scheme. The energy equation is modeled by using an enthalpy-based formulation. The method provides

a state-of-the-art comprehensive model of the dynamic and thermal aspects of the impinging process. Nusselt number

plots and pressure distributions on the substrate are obtained. The locations of the maximum Nusselt number as well as

maximum pressure on the surface are identified and compared with the geometric jet impingement point. Results for

normal impingement are also obtained and are used as reference. The effects of several parameters are examined. These

include jet Reynolds number, jet impingement angle and jet inlet velocity profile. Experimental and analytical data from

the literature are also included for comparison.

� 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

Impinging jets are an established technique for pro-

viding high local heat transfer coefficients between a

fluid and a surface. A considerable amount of research

on impingement heat transfer, both in analytical and

experimental aspects, has been published. The majority

of the available information on the heat transfer char-

acteristics of impinging jets is on normal impingement.

Studies of heat transfer from a jet impinging at an ob-

lique angle to a surface have received relatively little

attention. This is perhaps a reflection on the fact normal

impingement has more widespread applications. Nev-

ertheless, oblique jet impingement occurs in many ap-

plications and a fundamental understanding of the

complexities of the hydrodynamics and the heat transfer

of the impingement process attributable to the asym-

metric geometry is of importance.

In [1], experiments were performed in which a cir-

cular jet of air at room temperature was directed ob-

liquely at a plane impingement surface. The surface was

a naphthalene plate, which sublimed in response to the

airflow passing over it. Highly localized measurements

of the mass transfer rates were performed and local mass

transfer coefficients were evaluated. The point of maxi-

mum mass transfer was found to shift from the geo-

metrical impingement point of the jet, with the extent of

the displacement increasing as the inclination increased.

The largest displacement encountered during the ex-

periments was about 21
4
jet orifice diameters. The local

coefficients on the upstream side of the maximum point

drop off more rapidly than do those on the downstream

side, and this is accentuated at larger inclinations. The

values of the maximum coefficient decrease moderately

with increasing inclination angle. The greatest decreases

encountered were in the 15–20% range. By means of

analogy, the mass transfer results are applicable for heat

transfer calculations.

In [2], experiments employing temperature-sensitive

liquid crystal were conducted to determine the heat
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transfer to a circular air jet impinging at different ob-

lique angles to a plane surface. Contours of constant

heat transfer coefficient were presented and correlated

with an empirical equation that permits determination

of average Nusselt numbers over areas of interest. As in

[1], the results indicate a displacement of the peak heat

transfer from the geometric center of the jet with the

displacement being a function primarily of the im-

pingement angle. A decrease of up to 30% in peak heat

transfer was reported.

A series of experiments for the measurement of local

heat transfer coefficients for an obliquely impinging

circular air jet were reported in [3]. It was also found

that for a given flow situation the point of maximum

heat transfer shifts away from the geometrical im-

pingement point toward the compression (upstream)

side of the wall jet on the axis of symmetry. The shift is

more pronounced with a smaller oblique angle (larger jet

inclination) and a smaller jet-to-plate distance.

The air jets discussed above are classified as sub-

merged jets where entrainment is important. On the

other hand, liquid jet in air is treated as a free jet where

the effect of entrainment is negligible and the jet forms a

free surface. Two experimental studies [4,5] on oblique

liquid jet impingement heat transfer are found in the

literature. In [4], the effect of jet inclination on the heat

transfer under a round, single-phase free liquid water jet

impinging on a flat, constant heat-flux surface was exa-

mined. The shape of the local Nusselt number profiles

was increasingly asymmetric with a progressive sharp-

ening of the peak as the inclination increases. It was

found that the point of maximum heat transfer shifted

upstream as has been observed for air jets. However, the

magnitude of the shift was significantly less than that of

the air jets at similar jet inclinations. Also, contrary to

the air jet results, the magnitude of the peak heat

transfer was seen to increase slightly with increasing jet

inclination. These differences were attributed to the rel-

ative unimportance of entrainment and pre-impinge-

ment jet spreading for free liquid jets.

In [5], an experimental study was performed to in-

vestigate the local heat transfer from a vertical heated

surface to an obliquely impinging circular free-surface

liquid jet of large Prandtl number. The magnitude of the

shifts was again significantly less than that reported for

oblique air jets. It should be noted that, contrary to [4],

the maximum local Nusselt number was found to di-

minish with increasing jet inclination. This apparent

contradiction in findings between the two studies [4,5]

warrants further investigation.

Examination of the relevant literature reveals no

prior theoretical (analytical and numerical) study on the

local heat transfer under an obliquely impinging, axi-

symmetric free liquid jet. The only related theoretical

work is the paper by Schach [6], which studied the ob-

lique impingement of a free surface liquid plane jet. It

was done analytically using the hodograph technique

with the hydrodynamic aspect of impingement being the

main focus. Solutions for the free surface and the stag-

nation point location were reported along with numer-

ical results on stagnation point shift and film thickness

at several inclination angles. The study, besides being

limited to two-dimensional plane flows for an ideal fluid,

also requires the jet inlet velocity to be uniform in order

to satisfy the irrotational condition for potential flows.

With advances in computers, numerical solutions

play an increasingly important role in scientific research.

The numerical simulation of the liquid jet impingement

is not at all trivial. The main complexity is the dynamics

of a rapidly moving free surface, which has long proven

to be a difficult problem. The location of the boundary is

unknown and is desired as part of the solution. The

Nomenclature

Cp specific heat at constant pressure

D displacement (upstream)

F VOF function (fluid fraction)

Fb body force

g gravitational acceleration

h enthalpy

k thermal conductivity

Nu Nusselt number

Numax maximum Nusselt number

Nustag stagnation-point Nusselt number

P pressure

Pmax maximum pressure

Pr Prandtl number

q heat flux

Re Reynolds number (UW =m)
S strain rate tensor

T temperature

t time

U average jet inlet velocity

V velocity

W jet width

X horizontal coordinate

Z vertical coordinate

l dynamic viscosity coefficient

q density

r surface tension coefficient

s viscous stress tensor
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difficulty is that the free surface deforms while the values

of the field variables are being solved. From a compu-

tational standpoint, this presents some very serious is-

sues depending on the solution method used.

Recently, the problem of normal incidence impact

with solidification of a spherical liquid metal droplet

onto a rigid substrate was investigated by the author and

coworkers [7–10]. The motivation for that study came

from liquid metal jetting application in electronic manu-

facturing, much like the technology of ink jet printing.

A comprehensive model of the dynamic and thermal

aspect of the impact process was developed. The conti-

nuity and the Navier–Stokes equations were solved by

using a finite-volume formulation on a fixed grid with a

two-step projection method. Free surfaces were tracked

by a technique called volume-of-fluid (VOF). The energy

equation was modeled by using an enthalpy-based for-

mulation. The numerical results were in close agreement

with experimental data. The same algorithm was later

extended to study the head-on collision behavior of

water droplets [11].

The purpose of this investigation is to study numer-

ically the hydrodynamics and heat transfer of an oblique

plane jet impinging onto a substrate by applying the

above-mentioned free surface flow model. The goal is to

understand the heat transfer mechanism of the im-

pingement process, particular the complexities attribut-

able to the asymmetric geometry of the oblique free

liquid jet. An oblique circular jet, which involves true

three-dimensional modeling, requires considerable

computational and programming resources. An oblique

plane jet is studied instead. The physics of the im-

pingement process revealed for the plane jet will provide

useful information for the circular jets. The inherent

difference due to geometry will be discussed.

The VOF scheme used in the previous studies has

been replaced by a more accurate piecewise linear

scheme in the present study. A brief overview of the

numerical formulation is given next, followed by Results

and discussion section. Details on the numerical for-

mulation and the piecewise linear scheme can be found

in [10] and [12], respectively.

2. Numerical formulation

For incompressible fluids, the continuity and mom-

entum equations are given by

r � ~VV ¼ 0 ð1Þ

and

o~VV
ot

þr � ð~VV ~VV Þ ¼ � 1

q
rp þ 1

q
r � s þ~gg þ 1

q
~FFb ð2Þ

respectively. For Newtonian fluids, we have

s ¼ 2lS and S ¼ 1
2
½ðr~VV Þ þ ðr~VV ÞT 	 ð3Þ

where S is the rate-of-strain tensor. Combining Eqs. (2)

and (3) gives the Navier–Stokes equations. Eq. (2) is

approximated with a finite-difference in time as

~VV nþ1 � ~VV n

dt
¼ �r � ð~VV ~VV Þn � 1

qn
rpnþ1 þ 1

qn
r � sn

þ~ggn þ 1

qn
~FF n
b ð4Þ

where the superscripts n and nþ 1 represent the value of

the variable at consecutive time steps. It is decomposed

into the following two equations:

~eVVeVV � ~VV n

dt
¼ �r � ð~VV ~VV Þn þ 1

qn
r � sn þ~ggn þ 1

qn
~FF n
b ð5Þ

and

~VV nþ1 � ~eVVeVV
dt

¼ � 1

qn
rpnþ1 ð6Þ

where
~eVVeVV represents an intermediate value of the velocity.

The basic algorithm is the two-step projection method in

which a time discretization of the momentum equation,

Eq. (4), is broken up into two equations, Eqs. (5) and

(6). In the first step, an intermediate velocity field,
~eVVeVV , is

computed from Eq. (5) which accounts for incremental

changes resulting from viscosity, advection, gravity, and

body forces. In the second step, the velocity field, ~VV nþ1,

is projected onto a zero-divergence vector field resulting

in a single Poisson equation for the pressure field given

by

r � 1

qn
rpnþ1

� �
¼ r � ~eVVeVV

dt
ð7Þ

which is solved by using an incomplete Cholesky con-

jugate gradient technique [13].

Free surfaces are tracked by the VOF method. The

VOF technique, pioneered by Hirt and Nichols [14],

provides a means of following fluid regions through an

Eulerian mesh of stationary cells. The basis of the VOF

method is the fractional VOF scheme for tracking free

boundaries. The governing equation in this method is

given by

DF
Dt

¼ oF ð~xx; tÞ
ot

þ ~VV � rF ð~xx; tÞ ¼ 0 ð8Þ

where F is defined as the volume fraction of fluid whose

value is unity at any point occupied by fluid and zero

elsewhere. When averaged over a computational cell, it

is equal to the fractional volume of the cell occupied by

fluid. In particular, a unit value of F corresponds to a

cell full of fluid, whereas a zero value indicates that the

cell contains no fluid. A cell with F values between 0 and
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1 contains a free surface. In addition to defining which

cells contain a boundary, the F function can be used to

determine the fluid location within a boundary cell.

In the present study, the Nichols–Hirt VOF method,

which utilizes a piecewise-constant interface, has been

replaced by a more robust Youngs� VOF scheme [15],

which uses a piecewise-linear interface. The original

paper by Youngs had little detail of the methods by

which the interface was reconstructed and fluxes calcu-

lated. The algorithm recently outlined by Rudman [12]

for the Youngs� VOF scheme has been implemented into

the code.

A non-conventional approach called continuum sur-

face force (CSF) method is used to model surface tension

[16]. The CSF method interprets surface tension as a

continuous, three-dimensional effect across an interface

rather than as a boundary value condition at the inter-

face. Interfaces between fluids of different properties

(called colors) are represented as transition regions of

finite thickness. Across this region there is a continuous

variation of the property value of one fluid to the pro-

perty value of the other fluid. At each point in the

transition region, a force density is defined which is

proportional to the curvature of the surface of constant

property at the point. It is normalized so that the con-

ventional description of the surface tension on an inter-

face is recovered when the ratio of local transition region

thickness to local radius of curvature approaches zero.

Heat transfer is governed by an enthalpy-based

energy equation given by

oqh
ot

þr � ðq~VV hÞ ¼ r � ðarhÞ ð9Þ

where a ¼ k=Cp. The enthalpy formulation is particu-

larly attractive for multiphase flow problems involving

phase change. In that case, a source term accounting for

the latent heat will be added. Such a simulation was used

by the author in the previous studies [7–10].

3. Results and discussion

A schematic of a liquid jet impinging obliquely onto a

hot surface is shown in Fig. 1a. The computational

boundary conditions are given in the figure. The geo-

metric center of the impinging jet is represented by the

dotted line with point C the geometric center of jet im-

pingement at the surface. In most of the simulations, a

computational domain of X ¼ 24 mm and Z ¼ 6 mm is

used. The jet width W is kept at 2 mm. The geometric

center of the impinging jet is located at the middle,

splitting the horizontal axis evenly. It has been found that

further extension of X produces practically no change in

the flow field. Note that the flow is predominantly para-

bolic in nature, particularly away from the stagnation

region. The influence from both ends is very minimal.

A sample flow field for a 60-deg inclination uniform

jet is shown in Fig. 1b where the axes have been non-

dimensionalized. A magnified view of the flow at the

stagnation region is shown in Fig. 1c. Note that the

stagnation point is shifted upstream from the geometric

center of the jet, in agreement with the results reported

in the literature for circular jets previously mentioned.

A non-uniform rectangular grid focusing on the

stagnation region is used. In the vertical direction, grid

size increases geometrically from bottom to top. In the

horizontal direction, fine grids are used at the stagna-

tion-point region and the grid size increases geometri-

cally sideway. A grid refinement study is performed in

each case. The grid size is reduced until there is no sig-

nificant change in the numerical results. Water at stan-

dard atmospheric condition with constant thermo-fluid

properties is considered. The values used in the numer-

ical simulations are given in Table 1. Since the Prandtl

number is much greater than one, the thermal boundary

layer is much thinner than the velocity boundary layer

and consequently dictates the grid size required for

resolution.

Fig. 1. (a) A schematic of the overall computational domain

(top). (b) A sample flow field (middle). (c) Magnified view at the

stagnation region (bottom).

Table 1

Thermo-fluid properties of water

Density 1000 kg/m3

Kinematic viscosity 0.89
 10�6 m2/s

Surface tension 7.28
 10�2 N/m

Specific heat 4.2 kJ/kgK

Thermal conductivity 0.674 W/mK

Prandtl number 5.545
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Prior to the presentation of results, with a view to

demonstrate the accuracy of the present numerical so-

lutions, comparisons are made with data available in the

literature for the case of normal impingement. For a

planar uniform jet, exact solution for the inviscid flow in

terms of complex velocity potential exists. It was shown

[17] that the variation of free stream velocity along the

plate could be approximated by

V
U

¼ p
4

X
W

for
X
W

6 1:1 ð10Þ

As discussed in [17], the following expression for the

stagnation point Nusselt number can be derived by

using Eq. (10) along with a similarity solution for a

Falkner–Skan flow in the stagnation region

Nustag ¼ 0:505Re0:5Pr0:376 ð11Þ

It was mentioned that the correlation was in agreement

with laminar jet measurements.

In [18], a theoretical study on the flow and heat

transfer of a two-dimensional plane laminar jet imping-

ing normally onto a plate was done. A potential flow

solution for an impinging liquid jet with uniform velocity

profile was used to obtain information on the free stream

velocity over the flat plate that serves as input for the

boundary layer equations. A finite-difference method

was used. A comparison of local Nusselt number distri-

butions at various Reynolds numbers is shown in Fig. 2.

The data taken from [18] corresponds to a non-dimen-

sional nozzle height of 3.0. It was found that beyond that

nozzle height there is no further change in the hydro-

dynamics and heat transfer. Such a critical nozzle height is

also obtained in the present study and the results shown

in Fig. 2 correspond to that. Note that the Prandtl

number in the present study is 5.545 instead of 5 used in

[18]. The Nusselt number has been adjusted by using a

functional form of Pr0:376. The results from Eq. (11) at the

stagnation point are also included. As shown in the fig-

ure, the numerical results obtained in the present study

are in close agreement with those in the literature.

In [19], an analysis was made of the fluid flow and

heat transfer characteristics associated with the im-

pingement of a slot jet with a non-uniform velocity

profile. It was noted that uniform exit velocity profiles

are encountered when the jet issues from a short nozzle

with a high contraction ratio. On the other hand, if the

fluid stream is delivered by a tube of sufficient length, the

velocity profile at the exit cross-section corresponds to

fully developed flow. Consideration was given to veloc-

ity profiles for a fully developed laminar flow. An ap-

proach similar to that employed in [18] for a uniform

velocity profile was used. The velocity field within the

impinging jet was solved within the framework of an

inviscid flow model. Results from the inviscid solution

were used as input for the analysis of the boundary layer

heat transfer on the impingement surface. However, the

task of finding the inviscid flow solution was more for-

midable as the flow is not a potential flow. Instead of

using a parabolic profile for a fully developed flow, a

sinusoidal profile is used in order to keep the vorticity

equation linear. The study was specifically applied to the

stagnation region. The results presented in Fig. 3 have

been adjusted for the parabolic velocity profile and the

Prandtl number dependence. See [19] for more detail.

The results for uniform jet are also included for com-

parison. The stagnation heat transfer coefficients for the

parabolic jet are found to be almost twice as large as

those for the uniform jet. The numerical results obtained

in the present study are in close agreement with those

from [19].

The main body of results on oblique jets corre-

sponds to a Reynolds number of 5000 and encompasses

Fig. 2. Nusselt number comparison for a uniform jet at various

Reynolds numbers.

Fig. 3. Stagnation point Nusselt number comparison at various

Reynolds numbers.
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inclination angles of 90, 75, 60 and 45 deg. The influence

of Reynolds number are explored by additional runs for

Re ¼ 2500 and 10,000. Uniform and parabolic jets are

studied.

The free surface contours and the pressure distribu-

tions along the solid surface for various jet inclinations

are shown in Fig. 4. As reported in the literature, the

peak pressure location, which corresponds to the stag-

nation point, shifts upstream. The jet layer downstream

thickens while the thickness of the layer upstream de-

creases as a result of reduced fluid flow caused by the jet

inclination. Note that the shift in flow stagnation point

and the downstream/upstream thickness ratio increase

with the flow inclination.

A detailed flow field at the stagnation region of a 45-

deg uniform jet, along with a dotted line corresponding

to the pressure distribution at the wall, is shown in Fig.

5. It can be seen that the peak pressure location lies at

the location of the stagnation point displayed by flow

field. As mentioned previously, an analytical solution for

the hydrodynamics of an oblique plane jet has been

obtained in [6]. The predictions for the shift in Pmax are

plotted in Fig. 6 alongside the numerical results obtained

in the present study. They appear to be in excellent

agreement.

The local Nusselt number distributions along the

solid surface are shown in Fig. 7. The corresponding

isotherm distributions displaying the thermal boundary

layers are given in Fig. 8. The peak Nusselt number

increases and the distribution becomes increasingly

asymmetric and shifting upstream as the inclination in-

creases. This is in agreement with the results reported

in [4] but is at variance with the results obtained for

inclined air jets that show a decreasing trend in peak

Nusselt number with inclination. The difference can be

explained as a result of entrainment and jet spreading

with submerged (air) jets. Entrainment has the effect of

decreasing the average arrival velocity, and increasing

the impingement area of the jet at the plate. The in-

creased impingement area may account for the larger

dimensionless shift in the point of maximum heat

transfer for the submerged jets.

Furthermore, the heat transfer coefficient has been

shown to be proportional to the spatial velocity gradi-

ent. An increase in jet inclination for a submerged jet

will reduce the spatial velocity gradient near the point of

maximum heat transfer as jet entrainment causes inter-

action between the jet flow and the plate on the up-

stream side, and increasing spread in the flow on the

downstream side. The decrease in the velocity gradient
Fig. 4. Free surface and pressure profiles of a uniform jet at

various jet inclinations.

Fig. 5. Pressure distribution and flow field at the stagnation

point region of a 45-deg uniform jet.

Fig. 6. Displacement of maximum Nusselt number and maxi-

mum pressure locations from the geometric center of impinge-

ment at various jet inclinations.
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will lead to lower heat transfer previously observed for

air jet [1–3].

As mentioned in [4], shear layer effects and entrain-

ment are negligible for the free liquid jets. Increasing jet

inclination results in an increasingly asymmetric flow

pattern. This will lead to an increase in the spatial ve-

locity gradient in the impingement region due to the

required change in fluid flow direction of greater than 90

deg on the upstream side of the inclined jet. Hence, an

increase in the Nusselt number is observed in contrast to

the decrease found in submerged jets.

A flow field showing only the vertical velocity profiles

at the stagnation region of a 45-deg uniform jet, along

with a dotted line corresponding to the non-dimen-

sionalized Nusselt number distribution at the wall, is

shown in Fig. 9. Note that as the flow approaches the

plate, the vertical velocity profile, which is uniform ini-

tially, tapers off at both ends as the jet spreads and de-

velops a local peak upstream of the geometric center of

the jet. A closer look at the figure reveals that the peak

vertical velocity is located practically at the same posi-

tion as that of the maximum Nusselt number. Note that,

near the plate, as governed by the continuity equation,

the vertical velocity component is proportional to the

spatial velocity gradient. Therefore, the result shown in

Fig. 9 is in agreement with the finding mentioned earlier

that the heat transfer coefficient depends on the spatial

velocity gradient.

The shift in Numax with inclination is plotted in Fig. 6

presented earlier. Note that the Numax location has a

slightly larger shift than the stagnation point location. In

[4], it was reported that, because of absence of entrain-

ment, the magnitude of the shift was significantly less

than that of the submerged jets for similar jet inclina-

tions. The shift of maximum heat transfer location was

Fig. 7. Nusselt number distributions at various jet inclinations

for a uniform jet.

Fig. 8. Isotherm distributions at various inclinations of a uni-

form jet.

Fig. 9. Vertical velocity profiles at the maximum Nusselt

number region of a 45-deg uniform jet.
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only as large as the jet radius, which is much less than

the numerical results obtained in the present study for

the plane liquid jet. The difference is believed to be due

to the geometry of the jet. The plane jet, being strictly

two dimensional, is more confined compared to the

circular jet, which is physically three dimensional. The

flow will be forced upstream in a plane jet instead of

sideway as in a circular jet case. Subsequently, a planar

jet will have a larger shift than a circular jet. This can

also explain the larger increase in maximum Nusselt

number obtained for plane jets.

The effects of Reynolds number on the hydrody-

namics and heat transfer of the oblique impingement

have been examined. A sample plot showing the effect of

Reynolds number is shown in Fig. 10. There is a slight

increase in the shift in maximum Nusselt number loca-

tion as the Reynolds number increases. As a whole, the

Nusselt number is proportional to the square root of the

Reynolds number. The three curves will collapse into

one if the Nusselt numbers were normalized by the

corresponding maximum Nusselt number. There is a

slight increase in the shift of the stagnation point loca-

tion as Reynolds number increases although the overall

effect on the free surface contour and pressure distri-

bution is minute.

So far, the results have all been on uniform jets. As

previously mentioned, the heat transfer and the hydro-

dynamics of the impinging jet depend on the inlet ve-

locity profile of the jet. A similar study has been

performed for a parabolic jet. The results on the heat

transfer are shown in Fig. 11. The most intriguing rev-

elation is the initial decline and the subsequent rise in the

maximum Nusselt number with the jet inclination. Ob-

viously, the inlet velocity profile plays a key role in the

flow and subsequently in the heat transfer.

For the sake of comparison, Nusselt number distri-

bution for both the uniform and the parabolic jet are put

together in Fig. 12. It is understood that the inclination

progresses as previously presented in Figs. 7 and 11 for

the uniform and parabolic jet respectively. In the normal

impingement case, as previously reported in Fig. 3, the

Nusselt number is almost twice as large as that of a

uniform jet. Also the flat zone at the stagnation point

region for the uniform jet degenerates into a peak for the

parabolic jet. At 75-deg inclination, besides a decline in

the maximum Nusselt number for the parabolic jet, the

shift for the maximum Nusselt number location is also

less than that for the uniform jet. It should be noted that

unlike the uniform jet case, the flow for the parabolic jet

is more concentrated at the jet center. As the inclination

begins, the peak spatial velocity gradient, which has a

Fig. 10. Shift in maximum Nusselt number with Reynolds

number of a uniform jet.

Fig. 11. Nusselt number distributions at various jet inclinations

for a parabolic jet.

Fig. 12. Nusselt number comparisons between a uniform and a

parabolic jet at various jet inclinations.
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strong influence on the heat transfer, reduces in magni-

tude as it shifts upstream due to the uneven turning of

the flow as it approaches the wall. In other words, the

asymmetry of the oblique impingement, aided by the

parabolic shape, eases the spatial velocity gradient and

hence reduces the heat transfer. This trend continues

and the influence propagates inward with declining

magnitude as the inclination increases. Eventually, the

trend will be reversed as more of the higher velocity fluid

at the inner region is affected and required to turn. Note

that the decline in maximum Nusselt number has re-

duced at 60 deg and the shift is closer to that of the

uniform jet. At 45 deg, the maximum Nusselt number

rises above that of 60 and 75 deg, although remains

below that of the normal impingement (90 deg). In view

of the numerical results obtained in the present study,

the contradiction in findings previously mentioned be-

tween the two studies [4,5] might be a result of the jet

inlet velocity profile.

4. Conclusions

A numerical study has been performed to examine

the hydrodynamics and heat transfer mechanism of the

impingement process of an oblique free liquid jet. De-

tailed flow fields as well as free surface contours and

pressure distributions on the substrate have been ob-

tained. Local Nusselt number distributions at the sub-

strate have also been calculated. Uniform and parabolic

jets have been considered. Both the maximum Nusselt

number location and the maximum pressure location

have been found to shift upstream from the geometrical

impingement point of the jet, with the extent of the

displacements increasing as the inclination increases. It

has been found that the jet inlet velocity profile has a

significant effect on the heat transfer. For uniform jets,

the maximum Nusselt number increases as the inclina-

tion increases. For parabolic jets, the maximum Nusselt

number initially declines and eventually rises as the jet

inclination increases. The effects of Reynolds number on

heat transfer of the oblique impingement have also been

examined. As a whole, the Nusselt number is propor-

tional to the square root of the Reynolds number. Re-

sults for normal impingement are also obtained and are

in close agreement with experimental and analytical data

obtained from the literature providing supports for the

validity of the numerical study.
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