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Multiple flow patterns and heat transfer in confined jet impingement
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Abstract

The flow field of a 2-D laminar confined impinging slot jet is investigated. Numerical results indicate that there exist two different

solutions in some range of geometric and flow parameters. The two steady flow patterns are obtained under identical boundary con-

ditions but only with different initial flow fields. Two different exit boundary conditions are investigated with two commercial soft-

ware packages to eliminate artificial or computational effects. The different flow patterns are observed to significantly affect the heat

transfer. A flow visualization experiment is carried out to verify the computational results and both flow patterns are observed. The

bifurcation mechanism is interpreted and discussed.

� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Because of its high heat and mass transfer rate, jet

impingement has been used in many industrial fields,

for example, annealing of metal and plastic sheets, cool-

ing of gas turbine blades and electronic components, etc.
Numerous studies have been conducted on jet impinge-

ment flow and heat transfer. Most of the studies re-

ported parametric influence on the local heat transfer

coefficient or methods to enhance the heat transfer. De-

tailed topics included the effects of the jet Reynolds

number, nozzle configuration, turbulent intensity, and

target spacing. For example, Sparrow and Wong

(1975) measured mass transfer coefficients of a slot jet
impinging on a plane surface, and then converted to

heat transfer coefficients. The shape of the initial veloc-

ity profile was found significant on the heat transfer
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characteristics of the impinging surface. Extensive re-

views on jet impingement study prior to 1992 have been

given by Martin (1977) and Jambunathan et al. (1992),

and will not be repeated here. Recognizing that it is

the flow field that governs the heat transfer between

the jet fluid and the target wall, the study of the flow
field is essential. van Heiningen et al. (1976) predicted

numerically the flow fields of a laminar impinging slot

jet. Their emphasis was on the effects of uniform suction

to the target wall and nozzle exit velocity profile on the

flow and heat transfer characteristics. Chou and Hung

(1994) numerically studied the flow field of a 2-D con-

fined impinging slot jet. They presented the effects of

the jet Reynolds number, the velocity profile at the jet
exit, and the distance between jet and target wall on heat

transfer. Garimella and Rice (1995) presented some

sketches of visualized streamlines for the flow fields of

a confined impinging round jet. A toroidal recirculation

pattern was identified, which became larger when the

target distance was increased. The emphasis of their

work was also on the effects of the nozzle-to-target spac-

ing, Reynolds number and nozzle diameter on heat
transfer. Morris et al. (1996) studied numerically the
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Nomenclature

b width of slot, m

Cp pressure coefficient ¼ ðp � pinÞ=0:5qV 2
in

cp specific heat, kJ/kg K

H spacing between nozzle and target wall, m

h heat transfer coefficient, W/m2 K

H 0 height of the extended part, m

k heat conductivity, W/m K

L length of the flow channel, m

L 0 length of the extended part, m

Nu Nusselt number = hb/k
p pressure, N/m2

pin jet inlet pressure, N/m2

Pr Prandtl number

T temperature, K
T0 ambient temperature, K

Tw wall temperature, K

Re Reynolds number = Vinb/m
u, v velocity components, m/s

Vin inlet velocity, m/s

x, y, z co-ordinates, m

l dynamic viscosity, kg/m s

m kinematic viscosity, m2/s
q density, kg/m3

X. Li et al. / Int. J. Heat and Fluid Flow 26 (2005) 746–754 747
flow field of an axisymmetric confined jet using a mod-

ified k–e model. The toroidal recirculation patterns in
the confinement region of the impinging jet were pre-

dicted. They also studied the flow patterns inside the

nozzle and the small chamber just before the nozzle.

However, their model failed to predict the secondary

counter-rotating recirculation patterns observed in their

visualization experiments. Chiriac and Ortega (2002)
simulated the flow and heat transfer in a transitional

confined slot jet impinging on an isothermal surface.

The flow was found to become unsteady at a Reynolds

number around 600. In the steady regime, the distribu-

tion of heat transfer in the wall region was influenced

by flow separation caused by the re-entrainment of the

spent flow back into the jet. The time-averaged heat

transfer in the unsteady regime was stronger than that
in the absence of jet unsteady effects. Chung and Luo

(2002) studied the heat transfer of a confined impinging

jet using direct numerical simulation (DNS). The instan-

taneous flow fields and heat transfer distributions were

found to be highly unsteady and oscillatory in nature,

especially for high Reynolds numbers. Laminar jet

impingement has also been simulated by Sezai et al.

(2004) with a focus on 3-D square jet or jet array.
As part of the work for designing an experimental rig

for the mist/steam jet cooling research (Li et al., 2001),

we investigated the flow field and heat transfer in a con-

fined slot jet. Numerical results indicate that there are

two possible flow patterns depending on the Reynolds

number and channel geometry: In some cases, the main

flow exits the channel along the target wall and the

entrainment flow comes in along the jet plate as a re-
verse flow; in other cases, the main flow separates from

the target wall and a reverse flow occurs along the target

wall near the exit. It is interesting to discover that in

some range of geometric and flow parameters these

two flow patterns coexist at the same boundary condi-

tions. In another word, there exist non-unique solutions
for a given problem. The detection of two flow patterns

under the same boundary conditions for jet impinge-

ment is important for engineering application because

the different flow patterns will significantly affect the

heat transfer. Particularly, the flow in the downstream

half of the channel needs to be carefully considered

when the flow might separate from the surface. A flow

visualization experiment is carried out in this study to
verify the computational results and both flow patterns

are observed.

This paper is to investigate the conditions under

which the flow patterns coexist and to examine the effect

of the flow patterns on heat transfer.
2. Numerical modeling and procedure

2.1. Numerical model

The geometric boundaries and physical conditions

are assumed to be symmetric about the centerline of

the jet; therefore, only half the physical domain is con-

sidered in numerical models. The impinging jet system

is shown in Fig. 1. Two domains have been used to facil-
itate examining the effect of exit boundary condition

since it is of concern that the solution may be sensitive

to the assumed boundary conditions at the channel exit.

The width of the jet nozzle is b. The ratio of the height of

the channel to the width of the jet, H/b, is equal to 2.5

and the ratio of the length of the channel over the width

of the nozzle, L/b, is equal to 10. To study the effect of

geometry on flow fields, largerH/b up to 5 is also consid-
ered. Selection of these parameters is based on the anal-

ysis that under these conditions the confined wall may

strongly affect the jet flow. The dimensions for the ex-

tended domain in Fig. 1b are: H 0/b = 15 and L 0/b = 10,

with which the flow exit is considered far away enough

from the position with x/b = 10.
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Fig. 1. Computational domain and boundaries. (a) Domain 1, (b)

domain 2.

Fig. 2. Structured nonuniform mesh.
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The following assumptions and boundary conditions
have been specified: Boundary 1 is the jet inlet

(0 < x < b/2 and y = H). Jet flow is at a uniform velocity

(u = 0 and v = Vin < 0) and constant temperature

(T = T0). Boundary 2 is the symmetric line (x = 0) where

u = 0, ov/ox = 0, and oT/ox = 0, assuming the velocity

and temperature have a smooth distribution along the

x-direction. Boundary 3 is the target wall (y = 0) and

no-slip condition (u = v = 0) is applied. The wall is as-
signed at constant temperature (T = Tw). Boundaries 4

and 6 are the confined walls, where no-slip and adiabatic

conditions are applied.

At the channel exit (Boundary 5, x = L in Fig. 1a and

x = L + L 0 in Fig. 1b), a constant pressure is applied:

p = constant. The thermal boundary conditions at the

channel exit are: T = T0 if u < 0, or oT/ox = 0 if

u > = 0, which means that if there is a reverse flow to
the channel, the reverse flow will be at the constant

ambient temperature; otherwise the temperature gradi-

ent will be zero.

2.2. Numerical procedure

Two computational codes have been used in the

study to solve the continuity, momentum and energy
equations for a laminar flow.

ou
ox

þ ov
oy

¼ 0 ð1Þ
q u
ou
ox

þ v
ou
oy

� �
¼ � op

ox
þ l

o2u
ox2

þ o2v
oy2

� �
ð2Þ

q u
ov
ox

þ v
ov
oy

� �
¼ � op

oy
þ l

o2u
ox2

þ o2v
oy2

� �
ð3Þ

qcp u
oT
ox

þ v
oT
oy

� �
¼ k

o
2T
ox2

þ o
2T
oy2

� �
ð4Þ

The commercial software package Fluent (version

6.1.22) from Fluent, Inc. is used in this study. The sim-

ulation uses the segregated solver, which employs an im-

plicit pressure-correction scheme. The SIMPLE

algorithm (Patankar, 1980) is used to couple the pres-

sure and velocity. Second order upwind scheme is used
for spatial discretization of the convective terms. An-

other commercial code, PHOENICS, is also used in this

study. The reason for using two different codes is to

crosscheck the results because the calculation is involved

with flow instability, which is sensitive to computational

methodologies and associated disturbances. Since both

the commercial codes have been well established for a

single-phase flow and simple geometry as studied in this
paper, descriptions and qualifications of these two codes

are not detailed here.

Convergence of the iterative solution has been in-

sured when the residual of all the variables is less than

the specified values. The specified value is 10�4 for con-

tinuity and momentum, and 10�6 for energy. The solu-

tions obtained by FLUENT were tested for grid

independence by solving the problem with 50, 100, and
200 horizontal meshes (x-direction). As seen in Fig. 2,

a structured but nonuniform mesh is used in this study

with more grids allocated close to the impinged wall

and jet inlet. The number of the vertical meshes (y-direc-

tion) is the half of the horizontal meshes. It was found

that with 100 horizontal meshes the calculations were

essentially grid independent. Fig. 3 shows the pressure

coefficient, Cp, along the impinged wall surface of the
first computational domain and Re = 275, under differ-

ent grid systems, where Cp is defined as ðp � pinÞ=
0:5qV 2

in. No perceptible difference exists between the last

two grid systems, especially in the region near the stag-

nation point. A similar procedure was also used to check

the grid independence with PHOENICS and the similar

conclusion was obtained. As a reference, a grid of

32 · 46 was used in Chou and Hung (1994), and a grid
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of 256 · 128 was used in Chung and Luo (2002) for di-
rect numerical simulation (DNS). In this study a grid of

100 · 50 was used.
3. Numerical results and discussions

3.1. Study of a typical case with two flow patterns

A typical flow field given by Fluent for Domain 1

(Fig. 1a) with L/b = 10 and Re = 275 is shown in Fig.

4a. A large vortex is seen in the confined channel with

a separation point occurring on the target wall at about
x/b = 5.5. The flow separation is mainly due to the suc-

tion (or entraining) effect of the jet near the jet exit. The

flow at the outlet of the channel contains a reverse flow.

The dashed lines with arrowheads were added in Fig. 4a

to aid in clarifying the main flow direction. To prove the

pattern is indeed a solution, the mass balance is checked

to be within a 10�5% between the inlet and outlet mass
Fig. 4. Flow fields at Re = 275 for domain 1 with Fluent. (a) Curved

flow pattern, (b) straight flow pattern.
flow rates. Energy conservation has also been checked:

the balance of energy entering and leaving the whole do-

main is 99.89%. A similar flow pattern with the presence

of vortex was obtained by Morris et al. (1996) for a 2-D

axisymmetric turbulent jet flow. This flow pattern seems

reasonable for a pressure-driven flow.
Using a different initial flow field to start iteration,

another solution under the same boundary conditions

as above has been obtained and is indicated in Fig. 4b.

The two solutions are different in significant ways: for

the first one, the flow separates from the target wall with

a curved pattern; the flow for the second one simply ex-

its as a type of wall jet (straight pattern). However, these

two solutions are nearly identical in the stagnation re-
gion. The second prediction is also evaluated intensively

and it demonstrates the properties of a genuine solution:

scrutiny of various internal details such as conservations

of mass, momentum, and energy shows that they are all

within 1% of reference quantities. It is consequently con-

cluded that two computed solutions are possible.

In this study, two flow patterns were usually obtained

by different initial approximations of the flow field.
Under the current geometric conditions (H/b = 2.5 and

L/b = 10) and starting with an initial flow field with zero

velocity, the results show a curved flow pattern for most

of the Reynolds numbers studied. With larger jet-to-tar-

get spacing, H/b > 5, a zero initial flow field leads to a

straight flow pattern. Using the converged result of a

straight flow pattern as the initial condition, a straight

flow pattern is obtained for a smaller jet-to-target spac-
ing by scaling down the jet-to-target spacing progres-

sively from H/b > 5, and repeating this process until

H/b = 2.5 gives the solution of the straight pattern

shown in Fig. 4b. Different approaches can be used to

obtain these two solutions, which may depend on the

software or the initial flow field used. For example, with

a fixed domain size, the solution of one Reynolds num-

ber can be manipulated by multiplying a factor to all the
velocity components, and then used as the initial condi-

tion for the case of another Reynolds number.

To further study the difference between these two

solutions, a computation of viscous dissipation rate,

which is defined as the summation of l[(ou/oy)2 + (ov/
ox)2] at every control volume divided by the inlet kinetic

energy, is performed. The results indicate that the

straight flow pattern produces a slightly higher value
of dissipation than the curved flow pattern, which might

mean that the curved flow pattern is a more stable solu-

tion. In the real situation, the coexisting condition of

these two flow patterns is more delicate. One flow pat-

tern may switch to another one by a subtle disturbance,

or the two flow patterns may stay at a steady state for a

short time and keep switching from one to another.

However, as found by Chiriac and Ortega (2002), the
unsteady flow for a confined jet happens when the Rey-

nolds number reaches about 600.



0.40

0.45

0.50

0.55

0.60

0.65

0.70

100 200 300 400 500
Reynolds Number, Re

D
is

si
pa

tio
n 

R
at

e

Curved Pattern Only Curved and Straight 
Patterns Coexist 

Unsteady
Flow

Straight Pattern

Curved Pattern

H/b=2.5  
L/b =10 

Fig. 6. Dissipation rates under different flow patterns.

750 X. Li et al. / Int. J. Heat and Fluid Flow 26 (2005) 746–754
Theoretically, non-unique solutions can also be

found in many other problems due to the non-linearity

of the Navier–Stokes equations. For example, there

are two solutions (symmetric and non-symmetric) for

the flow fields in a two-dimensional channel with discon-

tinuous expansions. Battaglia et al. (1997) studied this
problem numerically, focusing on how the channel

expansion ratio influences the solutions. Their results

showed that the critical Reynolds number at which the

bifurcation appears decreases with increasing the expan-

sion ratio. Borgas and Pedley (1990) studied high-Rey-

nolds-number steady flow in an annular pipe that

encounters a shallow axisymmetric expansion or inden-

tation in the wall using interactive boundary-layer the-
ory. They found that three different solutions could be

obtained in an expansion with an adverse pressure gra-

dient larger than a critical value. Jiang and Shen

(1994) numerically investigated the bifurcation of con-

fined swirling flow. They found that both low-swirl

and high-swirl flow patterns might exhibit at certain

swirl levels by gradually changing the swirl level from

high to low or from low to high. The bifurcation prob-
lem has been also addressed in many other studies (Jay-

anti and Hewitt, 1992; Orfi et al., 1999) although most

of study did not discuss the effect of flow pattern on heat

transfer.

3.2. Effects of Reynolds number and geometric parameters

The extent of the parameter range having non-unique
solution is investigated by using Fluent software pack-

age. With Domain 1 and H/b = 2.5, the lowest and high-

est Reynolds numbers at which two solutions coexist are

275 and 400, respectively. The curved flow pattern per-

sists at lower Reynolds numbers and there is no reverse

flow at the channel exit when Reynolds number is small

enough (<200), as shown in Fig. 5. At very low Rey-

nolds number of 20, only part of the jet near the stagna-
Fig. 5. Flow patterns at low Reynolds number. (a) Re = 20, (b)

Re = 100.
tion region reaches the target wall. The rest of the jet

quickly diffuses and occupies the entire channel, similar
to a channel flow.

As the Reynolds number increases, the extent of the

curved flow pattern increases slightly and the boundary

layer over the target wall for the straight flow pattern

becomes thinner, but the overall patterns are largely un-

changed. Fig. 6 shows the overall dissipation rate for all

the cases. As mentioned earlier, the dissipation from the

straight flow pattern is slightly higher than that from
the curved flow pattern. When the Reynolds number

reaches above 400, iterations become oscillating and it

is believed that the jet impingement flow becomes un-

steady, as documented in other studies (Chiriac and Ort-

ega, 2002).

The range of the jet-to-target spacing where both

solutions exist is also investigated. For Domain 1 and

Re = 300, the highest value of H/b is 4.7, and the lowest
value is 2.5. H/b values larger than this range always dis-

play the straight flow characteristics, and H/b values

smaller than this range always display the curved flow

characteristics. For each different Reynolds number,

there exists a different range for the jet-to-target distance

where two solutions coexist. For example, the lowest H/

b is 2.6 and 3 for Reynolds number of 250 and 200,

respectively. Certainly, the channel length is also an
independent parameter worth of study, although this

paper only studies a fixed value of L/b = 10. A summary

of all the cases is given in Table 1.

3.3. Further validation with different software and

computational domain

To eliminate any artificial or computational effects
due to numerical methodologies or the boundary condi-

tion at the channel exit, a second commercial software,

PHOENICS, is used to run the cases in both Domains

1 and 2. Using the enlarged domain, the flow at the



Table 1

Summary of the overall results

Cases Curved pattern Straight pattern Note

Effect of Reynolds number (L/b = 10, H/b = 2.5) 20–100 Yes No No reverse flow at the channel exit

200, 250 Yes No Reverse flow at the channel exit

275–400 Yes Yes Two patterns coexist

>400 No No Unsteady flow

Effect of target distance H/b (L/b = 10, Re = 300) <2.5 Yes No

2.5–4.7 Yes Yes Two patterns coexist

>4.7 No Yes

X. Li et al. / Int. J. Heat and Fluid Flow 26 (2005) 746–754 751
channel exit (x/b = 10) is computed rather than specified

as the constant-pressure boundary condition. Therefore,

the flow field inside the channel will be less affected

by the boundary condition given at x/b = 20. As expected,

the duplicity of the solution is also predicted by PHOE-

NICS. Figs. 7 and 8 demonstrate both the curved and

straight flow patterns calculated by PHOENICS in these

cases.
Note that in these two figures the Reynolds numbers

are 300 and 350, respectively. It is also worthy noting

that the characteristics of main flow swaying to the bot-

tom wall are also shown in cases of enlarged domain in

Fig. 8. Since the results using different software and

computational domains are identical, it can be suggested

that the duplicity of the solution is robust.

3.4. Effect of flow patterns on heat transfer

One important objective of the study of flow patterns

is to examine the effect on heat transfer. Fig. 9 shows the

heat transfer coefficient distributions for the two typical

flow patterns. Beginning at the stagnation point, the

heat transfer coefficient decreases rapidly along the tar-

get wall for both flow patterns. This similarity of heat
transfer between two flow patterns is due to the similar
Fig. 7. Flow fields at Re = 300 for domain 1 with PHOENICS. (a)

Curved flow pattern, (b) straight flow pattern.

Fig. 8. Flow fields at Re = 350 for domain 2 with PHOENICS. (a)

Curved flow pattern, (b) straight flow pattern.
fluid dynamic behaviors in this region. The main differ-

ence in the heat transfer behavior between these two

flow patterns is found in the downstream half of the

channel; whereas the heat transfer coefficient decays

steadily for the straight flow. The curved flow pattern
produces a lower heat transfer coefficient than the

straight flow downstream of the separation point (x/

b = 5.5). From the stagnation point to the exit (x/b from

5.5 to 10), the target wall is exposed to a reverse flow

entering the normal exit. The reverse flow is assigned

the same temperature as the jet, though its value is appli-

cation dependent. Because the reverse flow has a new
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thermal starting length at x/b = 10 (new boundary

layer), it produces a high heat transfer coefficient near

the exit as shown.

However, the heat transfer of the curved flow pattern

in the region 6 < x/b < 9 is potentially much lower than

that indicated without the reverse flow. For example, the

heat transfer coefficient at x/b = 8 is lower by a factor of

approximately 3 than the straight-flow cases. This large
heat transfer difference is a prime concern in applica-

tions containing the possibility of multiple solutions.

Fig. 9 also shows the results from other research

groups (van Heiningen et al., 1976; Miyazaki and Silber-

man, 1972; Chou and Hung, 1994). The result of this

study agrees with others� results well. Notice that the re-
sults of other studies follow the trend of the straight flow

pattern rather than the curved flow pattern. The values
of H/b are different in these studies, which can affect the

heat transfer results. Further study shows that the rela-

tionship of the Nusselt number at the stagnation point

fits the correlation Nu/Re0.5 = constant, which agrees

with the theoretical analysis of the stagnation flow.
4. Experimental setup and flow visualization

The predictions described are so piquant that we are

compelled to seek experimental evidence. An experiment

is set up to test for the physical existence of the two solu-

tions. As shown in Fig. 10, this system is mainly for

implementing flow visualization; no detailed measure-

ments are intended but the flow rate. The test section

is designed according to the dimensions used in the
numerical study (b = 4 mm, H/b = 2.5, and L/b = 10).

The channel width (in the z-direction, not shown in

the figure) is 80 mm and its sidewalls are constructed

of clear Plexiglas. The small chamber upstream of the

slot is to make the jet flow more uniform. Compressed
air is admitted through a control valve and measured
by an LFE (laminar flow element) and a manometer.

The airflow from the test section was exhausted to the

ambient. Smoke is injected to the main flow in the small

chamber through a small tube with a diameter of about

1mm. The flow field is illuminated by a laser sheet along

the central plane in the z-direction and the flow pattern

is recorded by a CCD camera.

The two flow patterns are observed in the subject
experiment. Streakline pattern records are shown in

Fig. 11a and b to attest that these patterns both occur.

The Reynolds number is approximately 240 at the con-

dition shown. These patterns are essentially as indicated

by the computational predictions, though the smoke

only illuminates portions of the primary trace. Prior to

testing there was concern on how the switch from one

to another pattern could be triggered. It is found that
the switch between two flow patterns occurs quite spon-

taneously when both solutions are possible. No portion

of the experiment is adjusted to achieve the records in

Fig. 11a and b for a long time. The patterns are estab-

lished readily and appear to be bistable. The pattern

could remain stationary with a period ranging from half

a second to more than 10 s before it switches to the sec-

ond pattern.
At slightly higher Reynolds number values, on some

occasions, the flow demonstrates an oscillation of order

10 Hz in which the primary jet deviates transversely.

Then at some higher Reynolds number, approximately

400, the flow would display definite three-dimensional

turbulent bursts and the flow within the test apparatus

would clearly be unstable. More accurate control and

equipment are needed to maintain the essential laminar
condition.



Fig. 11. Streakline pattern from visualization experiment.
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In the first runs of the apparatus, the device seems to

show a preference for the curved flow solution. Several

observational hours are invested before the straight pat-
tern is clearly evident during which time several methods

are explored to encourage it. At one variation the target

wall is relocated very slightly (1 mm) further from the

nozzle wall. The straight flow pattern emerges strongly

and the curved flow pattern vanishes despite efforts to

encourage it by blocking the exit. In a subsequent run

sequence, a piece of polyester filter is placed in the cham-

ber with the target wall restored to its normal position.
Only the straight flow pattern could be produced. Upon

removal of the filter, both patterns are spontaneous. It is

inferred from these observations that the patterns are

only marginally stable though they can occur for indef-

inite periods and are not particularly subject to change

by blocking of selective sides of the exit channel.
5. Conclusions

The flow fields of a 2-D laminar confined impinging

jet have been numerically investigated. The effects of

the jet Reynolds number, the geometric relationships

of the jet impingement system and the boundary condi-

tions on the flow patterns have been examined. The

major conclusions from the present study are as follows:

1. The confined impinging jet flow shows two different

flow patterns: a curved flow pattern and a straight

flow pattern. In some cases, the two patterns coexist
under the same conditions. Two numerical solu-

tions can be obtained with different initial flow

approximations.

2. The flow patterns mainly depend on the Reynolds

number and geometry. The boundary conditions of

numerical solutions at the channel exit exert minor
changes on the flow.

3. The dynamic and thermal behaviors are similar in the

stagnation region for both flow patterns. The flow

patterns affect significantly the heat transfer for the

downstream half of the target surface. Variations of

a factor of three are predicted for the local heat trans-

fer coefficient at a highly sensitive position. It is

important to be aware of the consequence of this var-
iation in heat transfer coefficient when a similar

arrangement is used to cool a heated surface.

4. Two flow patterns have been verified by flow visuali-

zation indicating agreement with numerical predic-

tions. The experimental range of flow rates for the

two patterns is limited by instability and transition

to turbulence by observation of the flow streaklines.
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