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The flow and heat transfer characteristics of twin turbulent slot jets impinging on
planar smooth and rough surfaces are examined using a computational fluid dy-
namics model. The interaction between jets lowers the heat transfer performance
of each jet in the zone where the wall jets collide. A single jet performs better
than the equivalent twin jet. The average heat transfer under twin jets which are
injected alternately so that each one of the pair of jets behaves like a single jet, is
found to be better than twin jets issuing simultaneously. It is proposed that alter-
nating jet flows in the twin jet arrangement is a simple novel way to enhance
thermal performance of jet pairs. Along with parametric studies of the key flow
and geometric parameters, effects of large temperature differences between the
Jjet air and the target surface being heated, and model roughness of the target
surface are also evaluated. Interestingly, roughness can lower the heat transfer
performance in the impingement zone as the fluid can get trapped in the valleys
in the rough surface.
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Introduction

Impinging jets of diverse geometric configurations are commonly used in numerous
small scale as well as large scale applications, e. g., cooling of electronic components and
leading edges of turbine blades, annealing of metal sheets as well as drying of tissue paper,
textiles, plywood sheets, extruded foods, coated webs, efc. [1-4]. The high heat and mass
transfer rates in the impingement zone makes impinging jets very attractive but they also limit
some applications requiring uniform heat and mass transfer rates on the target surface. Im-
pinging jets are used in multiplicity so the interactions between jets are very important in de-
termining non-uniformity of the transfer rate distributions.

It has been also shown that the flow and thermal physics of multiple impinging jets
on rough surfaces are significantly different from those on smooth target surfaces [5]. Howev-
er, most majority of mathematical models of multiple impinging jets focus on the heat transfer
properties along smooth target surfaces, few research works have been carried out on heat
transfer characteristics of impingement on rough surfaces. Several types of rough target surface
such as dimpled surface, grooved surface, protrusive surface, rib-roughened target surface, si-
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nusoidal wave, rectangular wave, triangular wave, efc., have been examined. However, both
enhancement and reduction of heat transfer rate on rough surfaces have been reported. Gabour
and Lienhard [6] studied an unsubmerged liquid jet on rough surfaces with root-mean-square
average roughness heights of 4.7-28.2 um at Reynolds number of 20,000-84,000, and reported
that the local Nusselt number for rough plates can be increased up to 50% compared with that
of a smooth wall. Beitelmal and Saad [7] presented that the Nusselt number along the rough
surface composed of a circular array of protrusions with 0.5 mm base and 0.5 mm height can
be enhanced up to 60% under nozzle-to-plate distance of 1-10 and Reynolds number of 9,600-
38,500. The experimental results on air jet impingement onto a circular plate with groves by
Sagot ef al. [8] show that the square cross-section lathe-worked grooves enhance heat transfer
rate up to 81% compared with that of smooth plate at Reynolds number of 15,000-30,000.
They attributed the heat transfer enhancement to the secondary flows generated insider the
grooves. Qiu et al. [9] presented a mathematical model on a 2-D confined slot air impinging
onto a finned flat plate and reported that the Nusselt number for the finned target surface can
be increased up to 50% under Reynolds number of 3,420. Halouane ef al. [10] conducted a 3-D
numerical simulation on the turbulent axisymmetric round jet issuing into a cylindrical hot cav-
ity by Reynolds stress turbulence model, and they found that the average Nusselt number along
the cavity walls increases considerably with the jet exit Reynolds number compared with cor-
responding cases for impinging jet on a flat plate. Xu ef al. [11] presented an entropy genera-
tion analysis on the single impinging jet onto a rough surface, and indicated that the average
heat transfer rate can be enhanced by the rough surface.

However, Ekkad and Kontrovitz [12] stated that the in-line and staggered dimple
configurations in air impingement produce lower heat transfer coefficients compared with
those of a smooth target surface under jet flow Reynolds number of 4,800-14,800, and they
ascribed this to the bursting phenomenon of the flow insider the dimples which breaks up the
impingement core. However, the bursting phenomenon in channel flows produces local turbu-
lence, flow separation, and reattachment. Lou et al. [13] examined the local heat transfer rate
of the confined jet impingement onto sine wave, rectangular wave, and triangular wave, re-
spectively. Their numerical results at Reynolds number of 80 show that the model rough tar-
get plates can lower the heat transfer from the target plate to the impinging fluid in the lami-
nar regime. They proposed that the presence of recirculation bubbles in the cavities formed by
the trapped working fluid can reduce the local heat transfer rate, however, the effect of rough
surface on the flow and thermal boundary layers and the extended heat transfer area were not
included in their analysis. The numerical study by Zhang et al. [14] indicate that the applica-
tion of dimpled and protrusive surface in synthetic jet impingement has marginal effect on
cooling effect for large frequency of synthetic jet (320 Hz).

It can be found that there are a great number of parameters that take important effect
on the fluid flow and thermal performance of the jet impingement onto a rough surface. It is still
a challenge to explore the heat transfer properties and physical mechanisms of gas jet impinge-
ment on a rough surface in a specific circumstance. Therefore, the current work aims to investi-
gate the flow and heat transfer characteristics of gas impingement on planar smooth and rough
surfaces. A 2-D twin-jet gas impingement on a sinusoidal wave target surface will be modeled
by computational fluid dynamics method. The gas flow characteristics and heat transfer perfor-
mances of the jet impingement on a rough surface are examined and compared with that of
smooth surface. The effect of jet Reynolds number, large temperature difference between jet
flow and impinging target, jet impingement dimension, surface roughness as well as intermit-
tent mode of twin jets on the heat transfer rate are also analyzed and presented in detail.
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Mathematical modeling

Since in industrial practice, it is essential to use multiplying of jets, it is also neces-
sary to design the exhaust systems carefully to minimize interaction between adjacent jets
which affect the thermal performance adversely due to so called cross-flow effect. Spent fluid
from the upstream jet mixes with the downstream jet prior to impingement and reduce the
driving force for heat/mass transfer. In this study, the impingement heat transfer on smooth as
well as rough planar surfaces due to twin turbulent slot jets was examined. The flow configu-
ration is shown in fig. 1, a 2-D semi-confined twin-jet gas impingement with slot nozzle
width of w on a sinusoidal wave rough surface was studied. In order to simplify computations,
two symmetrical jets with separation of S and height of H were modeled. A sinusoidal wave
was employed here to simulate the rough impinging target surface, which was composed of a
section of wavy surfaces with same wave height (%) and wavelength (s). The amplitude and
frequency defined as a = //s and f'= L/s were used to characterize surface roughness, respec-
tively. The impinging surface with length of L contains a rough surface section of L, and
smooth surface with length of L;. In order to examine the effect of surface roughness on the
heat transfer performance, the lengths of rough and smooth surface were set as L,/w = 10 and
Ly/w = 90. The geometric dimensions and parameters were summarized in tab. 1, and the tem-
perature-dependent air properties [15] were listed in tab. 2.
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Figure 1. A schematic of the 2-D twin-jet of slot nozzles onto a sinusoidal wave surface

Table 1. Geometric dimensions and parameters of the twin-jet impingement

Parameter Value Parameter Value
Length of system L/w =100 Roughness frequency f=100~400
Rough surface length L/w=10 Reynolds number Re =2,000~14,000
Smooth surface length L/w=90 Atmospheric temperature, [K] T,=300
Nozzle-to-plate distance Hw=2~17 Temperature of jet flow, [K] Ty =350~400
Jet nozzle separation Siw =1~6 Temperature of impingement wall, [K] T, =300
Roughness amplitude a=0~40% Temperature difference, [K] AT =50~100

The air flow and convective heat transfer in the twin turbulent impinging jets were
determined by numerically solving the following equations for conservation of mass, momen-
tum, and energy in the Cartesian co-ordinate system:

Ou,

% " (1)
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Table 2. Thermophysical properties of air

Property Relationship
Density, [kgm ] p=3.07534-0.008877T + 8.847515:10°°T°
Dynamic viscosity, [kgm 's '] u=1.45073-10"° + 6.62887-10°T—3.1933-10"' 7*
Thermal conductivity, [Wm 'K™'] =-2.82567-10"*+9.91365-10°T—3.57511-10°°T*
Specific heat, [Jkg 'K '] ¢,=1032.306 — 0.2104T + 4.12739-10*T*

pu; —
Ox; ox;  0Ox; ox;  Ox,
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The flow and thermal fields were computed by the finite volume computational fluid
dynamics code Fluent 16.1. Several turbulence models such as k-¢ models, k~-w models,
Reynolds stress model, low-Reynolds models, efc. have been proposed for highly anisotropic
turbulence components in turbulent impinging jet [16-18]. Among these turbulence models,
RNG £-¢ turbulence model is numerically robust and relatively fast, which has been proven to
be effective in modeling this type of complex flow in impinging and opposed jets [17, 18]. It
is thus recommended for moderate accuracy in modeling jet impingement heat transfer [1]. As
shown in fig. 2(a), the numerical predictions by RNG k-¢ turbulence model show acceptable
agreement with that of experimental results [19]. Thus, RNG £-¢ turbulence model was used
to model turbulence in subsequent simulations.
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Figure 2. (a) Model validation with experimental data [19] at H/w =5 and Re = 5,500;
(b) grid-independence test under H/w =5, S/w =3, a = 40%., f = 400, Re = 6,000, and AT =100 K

The boundary conditions in the current model were specified as: uniform velocity,
temperature, turbulent kinetic energy and energy dissipation rate profiles were imposed at jet
nozzle exits, pressure outlet boundary condition was applied at outlet planes, confinement sur-
face and impingement surface with no-slip condition were considered to be adiabatic (g = 0)
and isothermal (7 = T,,), respectively, large temperature differences between the jet flow and
drying surface AT = Ty — T, were used (AT > 50 K). The semi-implicit method for pressure-
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linked equations algorithm and pressure staggering option scheme were employed for the
pressure-velocity coupling and pressure interpolation. A second upwind discretization scheme
was adopted considering the stability of solution convergence. The convergence criterions for
the normalized residuals of energy and other variables were taken as 10~ and 107, respective-
ly. A non-uniform structured grid with increased grid density along the impinging target was
used. Grid-sensitivity studies have been carried out to obtain the optimum grid resolution
which provides a grid-independent solution. Figure 2(b) shows one set of results about the ef-
fect of grid density on the averaged Nusselt number under H/w = 5, S/'w = 3, a = 40%, = 400,
Re = 6,000, and AT = 100 K. It can be clearly seen that a grid density of 78,400 provides sat-
isfactory solution for the example shown.

Results and discussion

The Reynolds number can be defined as Re = pumw/u according to the jet flow ve-
locity us and slot width w. The local Nusselt number for an isothermal impingement surface
was defined:

q w

Nu = —
I; -T, A

4)

where AT = Tt — T, is the temperature difference between gas jet flow and impinging surface,
and 4 is the thermal conductivity of jet fluid. The area-averaged Nusselt number was calculat-
ed by:
Nu,,, = %J‘Nu d4 )
Firstly, the convective heat transfer property of the twin impinging jets on a rough
surface was compared with that of smooth surface, and single jet cases. Figures 3(a) and (b)
show the Nusselt number distribution along the impinging surface for the twin impinging jets
on a rough surface, twin impinging jets on a smooth surface and single jet on a rough surface
at H/w =5, Re = 6,000, and AT = 100 K. As shown in fig. 3(a), the local Nusselt number dis-
tribution for the twin impinging jets on a sinusoidal rough surface is a fluctuation curve with
clear peaks and valleys. The comparison of area-averaged Nusselt number between the rough
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Figure 3. (a) The Nusselt number distributions along the smooth and rough impinging surfaces in the
twin impinging jets under H/w =5, S/w =3, a = 40%, f = 400, Re = 6,000, AT = 100 K; (b) averaged
Nusselt number on a rough surface (a = 40% and f = 400) for twin impinging jets (S/w = 3) and
central single jet at H/w =5, Re = 6,000, and AT =100 K
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and smooth impinging target surfaces indicates that the heat transfer rate around the stagna-
tion points below the jet nozzles and secondary stagnation point between adjacent jets can be
lowered by the rough surface. For the twin-jet impingement, the wall jets of two adjacent
flows may collide, resulting in secondary stagnation region, fig. 4(a). It can be seen in fig.
4(b) that the injected air can be trapped in the cavities between the crests of the wave of the
rough target surface, thus, the stagnation effects can be amplified by the sinusoidal rough sur-
faces. However, the area-averaged Nusselt number in the wall jet region can be slightly in-
creased by the rough surface, which can be ascribed to the extended heat transfer area by the
sinusoidal rough surface and thin boundary layer on the wave crest. While, the local heat
transfer rate around stagnation point below the jet nozzle is decreased by the rough surface for
the single impinging jet, fig. 3(b). It is clear in fig. 3(b) that the heat transfer rate for the twin
impinging jets on a rough surface is lower than that of single jet on a rough surface. The foun-
tain-like flow structure in twin impinging jets may cause momentum exchange with the free
jet-shearing layer, and the surface heat transfer rate can be thus decreased [1, 20].
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Figure 4. The contours of velocity magnitude with velocity vectors in the twin impinging jets on
(a) smooth and (b) rough surfaces at H/w =5, S/w = 3, Re = 6,000, and AT =100 K

In the following parameter studies, the effect of jet flow Reynolds number ranging
from 2,000 to 14,000, temperature difference between jet flow and impinging surface from
50-100 K, nozzle-to-plate distance from 2-7, jet separation from 1-6, roughness amplitude
ranging from 0-40% and roughness frequency from 100-400, on heat transfer rates were ex-
amined in detail. A dimensionless enhancement factor ¢z was defined as the ratio of the aver-
aged Nusselt number of rough surface to that of smooth surface.

Nu

£ = ave,r 6
W N (6)

ave,s

Because of the symmetry of the twin impinging jets, only the numerical results in
half of the computational domain were shown in figs. 5-8.

As shown in fig. 5(a), the local Nusselt number for the twin impinging jets on a
rough surface can be increased with the increase of Reynolds number of jet flow. Also, the
stagnation effect can be clearly strengthened by increasing jet flow Reynolds number. The
non-uniformity of local Nusselt number increases as Reynolds number increases. It can be
found in fig. 5(b) that the enhancement factor for low Reynolds number (Re = 2000) is below
1.0, which means that the local heat transfer rate for the rough surface is lower than that of
smooth surface. At high Reynolds number, the enhancement factors in the wall jet zones are
larger than 1.0. However, the enhancement factor around stagnation points is still lower than
1.0 at high Reynolds number as the stagnation effect can be amplified by increased jet flow
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Figure 5. Effect of Reynolds number on the Nusselt number distributions along rough surface (a)
and enhancement factor (b) under H/'w =5, S/w =3, a = 40%, f =400, and AT =100 K

Reynolds number. Figure 6 shows the effect of temperature difference between jet flow and
impinging surface on the Nusselt number and enhancement factor at H/w = 5, S/w = 3,
a = 40%, f'= 400, and Re = 6,000. It can be found that the average Nusselt number can be
slightly enhanced by increasing temperature difference. While, the effect of temperature dif-
ference on the enhancement factor is marginal.

e S S
ave [ —a-AT=50K tH -o—.\T= 50 K

o AT=60K
40F 4 AT=TO0K g

agl ~* AT=80K
[ —+-AT=90K ]
30k —+—AT=100K i
25 g
20 g
15} g
10 g

L 1 1 ' L 1 ' 1 1 0‘5 L 1 1 'l L 1 1 1 '
00 05 1.0 1.5 20 25 30 35 40 45 50 00 05 10 1.5 20 25 3.0 35 40 45 50
X (b} xw

(a}

Figure 6. Effect of temperature difference between jet flow and impinging surface on the
Nusselt number distributions along the rough impinging surface (a) and enhancement factor (b)
under Hiw =5, S/w =3,a =40%, f = 400, and Re = 6,000

The geometric dimension and assemble of jet nozzles indicate significant effect on
the impinging flow and heat transfer rate. It can be seen in fig. 7(a) that the local Nusselt
number along the rough surface decreases with the increase of nozzle-to-plate distance. Also,
the stagnation point shifts outwards from the center line of adjacent jets with increased noz-
zle-to-plate distance. This can be explained as that the injected air flows tend to move out-
wards during the impingement with increased nozzle-to-plate distance because of the interac-
tion of adjacent jet flows and high pressure between the adjacent jets. As the locations of jet
nozzles change along horizontal direction with the increase of jet separation, the stagnation
point moves along horizontal direction, fig. 7(b). The jet separation takes significant effect on
the local heat transfer rate of the twin impinging jets on a rough surface, especially for the ar-
ea between adjacent jets. The local Nusselt number between the adjacent jets can be decreased
with the increase of jet separation.
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Figure 7. Effect of geometric dimensions on the averaged Nusselt number along the rough surface
(a =40% and f = 400) under Re = 6,000 and AT = 100 K; (a) nozzle-to-plate distance with S/w =3,
(b) jet separation with H/w =5

The effect of surface roughness on the Nusselt number were examined and shown in
fig. 8. It can be clearly seen in figs. 8(a) and (b) that the averaged Nusselt number along the
rough surface around the stagnation points are lower than that of smooth surface. The Nusselt
number along the rough surface around the stagnation points can be further reduced with in-
creased surface roughness amplitude and frequency. A larger value of the amplitude (larger
wave height) and frequency (smaller wavelength) means rougher target surface as the ratio
asperity height to spacing (/4/s) is larger. Thus, the effect of the trapped air and increment of
boundary layer thickness in the cavities between the wave crests of the rough surface can be
increased as the surface roughness increases. In the wall jet zone, the Nusselt number can be
gradually enhanced with increased surface roughness amplitude and frequency. It can be as-
cribed to the effect of extended heat transfer area by the rough surface and thinner boundary
layer on the wave crests.
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Figure 8. Surface roughness effect on the area-averaged Nusselt number at H/w =5, S/w =3,
Re = 6,000, AT = 100 K; (a) amplitude of rough surface with fixed frequency (f = 400),
(b) frequency with fixed amplitude (a = 40%)

It is believed that the intermittent impinging jet may induce higher turbulence, larger
vortices, increased flow entrainment and mixing promoted by flow instabilities as well as re-
duced instantaneous hydrodynamic and thermal boundary layers in the flow domain [21-23].
Thus, the intermittent twin jets which are injected alternately onto a rough surface were also
proposed to improve the heat transfer performance. Figure 9 shows the averaged Nusselt num-
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ber for the simultaneous and al-
ternating twin-jet impingement
on planar smooth and rough sur-
faces under Re = 6,000 and
AT =100 K. For both cases of
smooth and rough surfaces, the
alternating jet flows can im-
prove the heat transfer perfor-
mance compared with simulta-
neous cases. The application of
alternating jet flows in the twin
impinging jets onto a rough sur-
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termittent (alternating) twin im-

pinging jets on a rough surface Figure 9. The averaged Nusselt number of the twin impinging

h id d . jets (H/w =5 and S/w = 3) on a smooth surface and rough
shows evident advantages I gyrface (@ = 40%, f = 400) under Re = 6,000 and AT = 100 K
both of heat transfer rate and

temperature uniformity. It can be also found in fig. 9 that the influence of rough surface on
heat transfer performance of simultaneous impinging jets is slight, while the alternating im-
pinging jets on a rough surface behave completely different from that on a smooth surface.
That is the surface roughness has very different effects on simultaneous and alternating im-
pingement flow and heat transfer. It is noted that this numerical results are consistent with the
experimental findings by Herwig and Middelberg [24]. And also, adjusting the dimensions of
jet nozzles (asymmetric and non-uniform jet array) can be a potential way to improve the uni-
formity of impingement surface heat transfer rate and temperature [25].

Conclusions

The twin gas impinging jets on planar smooth and rough target surfaces have been
numerically studied in the current work. The fluid flow and heat transfer in the twin slot jets
on a rough surface have been compared with that of smooth surface and single impinging jet.
The results show that the heat transfer performance for the twin impinging jets on a rough sur-
face is significantly different from that of smooth surface. The surface heat transfer rate can
be decreased in the twin impinging jets by the fountain-like flow structure between two adja-
cent impinging flows. The rough surface can amplify the stagnation effect of the twin imping-
ing jets, which can be increased by increased jet flow Reynolds number and surface rough-
ness. The Nusselt number around stagnation points can be lowered as the roughness ampli-
tude and frequency increase, while the Nusselt number in the wall jet zone can be enhanced
with the increase of surface roughness. It has been shown that alternating jet flows in the twin
jet arrangement can evidently improve the heat transfer performance, which may have great
application potential in cooling of electronic components and drying of sheet products, efc.
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Nomenclature
A —area, [m’] Greek symbols
a - roughness amplltuge (j his) ey —heat transfer enhancement factor, [—]
¢, —specific heat, [Jkg K] B . RN
_ A thermal conductivity, [Wm K]
f —roughness frequency (= Lés) 4 —dynamic viscosity, [kem 's ']
g  — gravity acceleration, [ms -] _ density, [kem ] >
h  —asperity height, [m] P Y. ke

H  —nozzle-to-plate distance, [m] Superscripts
L —impinging surface length, [m] ,

Nu - Nusselt number, eq. (4) — fluctuation

P —static pressure, [Pa] , Subscripts

q - heat flux density, [Wm ] ave — arca-averaged

Re —Reynolds number (= puw/i) £ gasjet flow

S et separation, [m] i,j —indices in Einstein summation convention
s —asperity spacing, [m] r  —rough target surface

I - temperature, [.K ] s —smooth target surface

AT — temperature dllfference, K] w - impingement wall

u = velocity, [ms ] o  — atmospheric

w  —slot width, [m]
x, y — Cartesian co-ordinates, [m]
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