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Turbulent heat transfer between a confined jet flowing in a hot rectangular cavity is
studied numerically by finite volume method using the k-w shear stress tensor one-
point closure turbulence model. The location of the jet inside the cavity is chosen
so that the flow is in the non-oscillation regime. The flow structure is described
for different jet-to-bottom-wall distances. A parametrical study was conducted to
identify the influence of the jet exit location and the Reynolds number on the heat
transfer coefficient. The parameters of this study are: the jet exit Reynolds number
(1560 < Re < 33333), the temperature difference between the cavity heated wall
and the jet exit (AT = 60 °C) and the jet location inside the cavity (2 <L;< 10 and
2.5 < L, £10). The Nusselt number increased and attained its maximum value
at the stagnation points and then decreased. The flow structure is found in good
agreement with the available experimental data. The maximum local heat transfer
between the cavity walls and the flow occurs at the potential core end. The ratio
between the stagnation point Nusselt numbers of the cavity bottom, Nug,, to the
maximum Nusselt number on the lateral cavity wall, Nuy,.., decreased with the
Reynolds number for all considered impinging distances. For a given lateral con-
finement, the stagnation Nusselt number of the asymmetrical interaction L, # 10 is
almost equal to that of the symmetrical interaction L, = 10.
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Introduction

Heat transfers by impinging jets are found in many engineering applications, such as:
cooling of turbine blades, tempering of glassware, drying of paper or textile, efc. The knowledge
about the local heat transfer coefficient distribution on the incident wall is of great importance
for the control processes in any of these applications for high-quality products. A large number
of publications on simple geometrical configurations are found in the scientific literature, among
them, cases of confined or unconfined circular or rectangular jets impinging on a flat surface. The
main variables for jet impingement heat transfer are the jet Reynolds number and the distance
of the nozzle relative to the impingement surface. Comprehensive reviews of heat transfer by
impinging jets were conducted by Martin [1] and Jambunathan ef a/. [2] for several parameters
that also include confinement, submergence, and nozzle geometry; they also considered multiple
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jets with different array configurations. Martin [1] has also presented studies of the mean fluid
flow characteristics of both free and impinging jets. They showed that the Nusselt number in-
creased when the impinging distance is reduced, when Reynolds number increased, or when the
mean velocity profile at the exit of the jet nozzle is parabolic. Gardon and Akfirat [3] examined
the effect of turbulence level at the nozzle exit on local heat transfer rate for an impinging 2-D
jet. They investigated the Nusselt number at the impinging surface as a function of the mean
velocity and turbulence intensity. They confirmed the existence of a secondary peak in the radial
distribution of the heat transfer coefficient that they attributed to boundary layer transition along
the impinging wall. They proposed a correlation for the Nusselt number at the stagnation point
as a function of Reynolds number. Another simple geometrical configuration often considered
is the case of a two dimensional jet impinging on a curved surface. Kumada et al. [4, 5] inves-
tigated the local and average heat transfer coefficient on a cylindrical surface interacting with
the potential core and the developed regions of a 2-D jet. Gau and Chung [6] examined the heat
transfer on a heated semi-cylindrical surface. They considered curvature effects for a concave
and convex surface. For convex surfaces, counter rotating vortices near the surface increase the
flow momentum and enhance heat transfer near the stagnation point. The increase of surface cur-
vature augments the size of the counter rotating vortices, which increases the Nusselt number at
the stagnation point. However, the heat transfer is reduced in the region away from the stagnation
point where the flow becomes more stable due to the centrifugal force caused by the effect of the
surface curvature. Choi et al. [7] studied the fluid flow and heat transfer characteristics of a slot
jet impinging on a semi-circular concave surface. They measured the mean and the fluctuating
velocity fields and identified the occurrence of a secondary vortex near the curved wall. Numer-
ical study for the same configuration was investigated by Ahmadi et al. [8], five different low
Reynolds number k-¢ models were evaluated to predict the Nusselt number. The results indicate
that these models are not suitable to predict reasonably the Nusselt number distribution in the
entire impingement surface length. The effects of jet exit Reynolds number and the impinging
distance on the local and average circumferential heat transfer distributions from a turbulent air
slot jet hitting a semi-circular convex surface was examined experimentally by Chan et al. [9].
They proposed a correlation for the stagnation point Nusselt number. A literature review high-
lighted the insufficiency of research on jet impingement onto a rectangular cavity. Most studies
considered heat and mass transfer from the interaction of a slot jet with one or two solid walls,
and little research has been devoted to the interactions of jets with a closed bottom cavity [10].
Li and Tao [11] presented both experimental and numerical results of a laminar flow and heat
and mass transfer of a slot jet interaction with a rectangular cavity. They found that the average
Nusselt number varied as a power-law of Reynolds number. They also found that the effect of the
jet exit Reynolds number on the lateral wall was more significant than that of one on the bottom
surface. An experimental study on heat transfer behaviors of a confined slot jet impingement was
performed by Lin et al. [12] for low Reynolds numbers. Two empirical correlations of stagna-
tion and average Nusselt numbers, for 190 <Re < 1537 and 1 < L,< 8 were suggested. The k-w
turbulence model has been used by Benmouhoub and Mataoui [13] to predict the flow resulting
from the orthogonal impingement of a plane jet on a moving wall. They found that the heat
transfer on the impingement surface is evidenced by the flow with the increasing of the moving
surface, many correlations was proposed for the average Nusselt number evolution according to
the surface-to-jet velocity ratios for each Reynolds number.

Halouane et al. [14] carried out a numerical investigation to predict the fluid flow
and heat transfer characteristics of 3-D turbulent a round jet impinging perpendicularly a hot
cylindrical cavity using the Reynolds stress model. They show that a reverse flow occurs within
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the cavity corner and near the cavity bottom interacted with the main flow producing a toroidal
swirl close to the jet exit and they suggested empirical correlation of average Nusselt number
according to the impinging distance and Reynolds number.

The jet exit characteristics such as jet mean velocity and turbulent intensity profiles
play an important role in heat transfer behaviors. Furthermore, other important parameters,
such as the jet Reynolds number and impinging jet distance influencing the heat transfer be-
haviors of confined impingement slot jets are not yet investigated. The present work reports
computations of the fluid flow and thermal fields for plane isothermal fully developed turbulent
jet issuing into a rectangular hot cavity, fig.1. The flow produced by a turbulent plane jet into a
rectangular cavity can lead to natural self-sustained unsteadiness due to the flapping motion of
the jet between the lateral walls of the cavity [15, 16]. This paper considers numerical predic-
tion of heat transfer for the no oscillatory regimes. Two parameters are examined: the location
of the jet in the cavity within the zone of occurrence of the no oscillatory regime as described
in [15] and the Reynolds number. The phenomenon is steady in average and the predicted data
are found to be in good agreement with experimental findings. Two types of steady interaction
occur, depending on the jet location in the cavity.

Figure 1. Configuration: jet hot cavity interaction

— The first one called lateral interaction is where the jet flow is deflected to the nearest lateral
wall by Coanda effect [17]. From the stagnation lateral point, the flow is divided into two
parts; the largest part of the flow is deflected towards the opposite wall while the smaller part
is deviated upstream along the nearest wall. In the center of the cavity, far from the cavity
walls, a part of the fluid is entrapped in a recirculation zone characterized by a weak velocity.

— The second type called frontal interaction that is a somewhat different interaction, charac-
terized by the deviation of the axis of the jet at the nearest sidewall, impinging the bottom of
the cavity. Thus, the jet impinges the cavity bottom obliquely when the jet exit is not located
in the mid plane of the cavity. The impingement is perpendicular to the cavity bottom when
the jet is located in the symmetrical plane of the cavity.

All interactions (lateral or frontal), the impingement of the jet on the walls produces
the splitting of the flow into two parts, which are deflected on each lateral wall. The deflection
produces a high-pressure zone near the wall. Calculated pressure contours make clear the occur-
rence of positive high pressures at the impact zones while low negative pressure zones appear in
the region where the two divided jet flows undergo strong curvature effects by 180° deflections.
The main pressure is highest at the bottom wall and two smaller secondary maxima occur on
each side probably related to the lateral vortices. The splitting of the jet due to impingement pro-
duces two laterals eddies at each side of the main jet. The turbulent kinetic energy occurs near
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the attachment zone of each lateral deflected flow. In the case of frontal impingement, a zone of
maximum energy occurs near the bottom wall at the frontal impact, and a second energetic bub-
ble develops in the region of the two lateral eddies on both sides of the jet. This study extends the
previous work in [15] by considering heat transfer effects on no oscillatory regime. The effects
of Reynolds number and jet location on local Nusselt number for each cavity wall are examined.

Governing equations

The numerical study was carried out using unsteady Reynolds average Navier-Stokes
model (URANS). The fluid is assumed Newtonian and incompressible with constant thermo-
physical properties. The URANS equations for incompressible flow in Cartesian co-ordinates
are deduced from the mass, momentum, and energy balance equations coupled with the equa-
tions of the turbulent quantities:

— mass conservative equation
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— momentum conservation equation
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where P, T, and U, are the mean pressure, temperature, and velocity components, respectively,
6 and u, — the fluctuating temperature and velocity components, respectively, x; is the space
co-ordinate, ¢ — the time, and p, x, and Pr are the fluid density, dynamic viscosity, and Prandtl
number, respectively.

Turbulence modeling

The URANS modeling is used. The one-point closure turbulent models are based on
the concept of Prandtl-Kolmogorov’s turbulent viscosity, which is applied in its high Reynolds
number form. Thus, the turbulent Reynolds stress tensor and the correlation of the velocity and
temperature fluctuations are deduced using algebraic relations (Boussinesq assumption). The
closures of the equations are achieved using Shear stress tensor (SST) model energy-specific
dissipation rate (k-w) one-point closure turbulence model. One of the advantages of the k-w
formulation is the near wall treatment for low Reynolds number computations. The model does
not involve the complex non-linear damping functions required for the k-¢ model and is there-
fore more accurate. A low Reynolds number grid would require a near wall grid resolution for
at least y" < 5. This condition is not verified in most applications, and for this reason, a new near
wall treatment was developed for k~w model. It allows for a smooth shift from a low Reynolds
number form to a wall function formulation. Menter [18] developed the shear stress transport
k- model based on two-equation eddy-viscosity turbulence models. The principle of the SST
method is to use a k- formulation in the inner parts of the boundary layer and the k-¢ model in
the outer part of the boundary layer.



lachachene, F., et al.: Steady Interaction of a Turbulent Plane Jet with a ...
THERMAL SCIENCE: Year 2016, Vol. 20, No. 5, pp. 1485-1498 1489

Numerical procedure

The numerical solutions of the governing equations are achieved by the finite volume
method. To determine the flow regime, we conducted an unsteady computation for all cases. The
time average from the instantaneous values of each physical quantity was done by a post pro-
cessing treatment. The convection-diffusion terms are discredited using the power law schemes
for U, V, k, w, and T and a second order scheme for the pressure. The pressure velocity coupling
is resolved by semi-implicit method for pressure linked equation (SIMPLE) algorithm [19]. The
solution algorithm is based on internal iterations within each time step. The transport equation
in Cartesian co-ordinate of dynamical and thermal characteristics of mean and turbulent flow re-
quired for the finite volume method. The boundary conditions for this flow configuration include
inflow (inlet), solid wall and outlet as shown in fig. 2. The inlet boundary conditions are:

3/2
U=U,. V=0, k =003}, &="—(2=01). a)0=i%, T=1,

o C, Ky

For each wall, the velocity components (U and V) and kinetic energy, &, are set to zero
and the specific of dissipation rate w is set to an asymptotic value proposed by Wilcox [20]. For
temperature, the cavity walls are isothermal and kept at constant value, 7. The duct walls are
adiabatic. The dynamic, thermal and geometrical parameters considered in the present study
are detailed in fig. 2.
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Figure 2. Boundary conditions and parameters

The outflow boundary conditions are used. Constant relative static pressure kept at
atmospheric level at these boundaries. Structured non-uniform grids are used. Grids refinement
before and after the nozzle exit are managed so that the entrainment is described accurately. A
sufficiently fine grid is adopted near the cavity and duct walls where a very high gradient of
variables prevailed in the viscous sub-layer, fig. 3. For each interaction case a grid independency
test is carried out by refining and adjusting the grid in the two directions. It is observed for exam-
ple for the case (L, = 10 and L, = 10) that fig. 4 shows that grid independence is achieved with
170 x 130 grid distribution beyond which no further significant change in Nusselt number pro-
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Figure 3. Typical mesh of the jet-cavity (L = 10)
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Figure 4. Effect of grid refinement

Results and discussion

Flow field dynamic

The centerline mean velocity of the jet is calculated for several relative impinging
distances L (4, 6, and 10) at Re = 4740 are shown in fig. 5. Experimental results for a jet im-
pinging on a semi-circular concave surface as well as the results for a free jet. Choi et al. [7]
also reported in this figure. Comparison shows good agreement for each case. The potential
core length can be defined as the length of the region where the axial velocity on the jet center-
line stays greater or equal to 95% of the jet exit velocity [2]. The potential core length is about
= 5.5 h,. The impinging distances considered in fig. 5 are chosen such that for the lowest relative
distance (L, = 4), the bottom wall

10 SRR )T T TRyl Interacted with the potential core
s 08 ko CH ‘é‘“?-@f&g_ . region. For the medium distance
S ¢ G iy (L= 6), the bottom wall is locat-
061 ¢ & 5 Eﬁ:nﬂ% ed at the end of the potential core
0a | 1L210 " A B s e - and for the L, = 10, the bottom
1T=¢ #%{_-E s | Presentstudy wall is outside the potential core
027 Lk g 1 . region. For L~=10, the potential
1lk=4 2 ;o : - core is identical to the one found
0 2 2 6 8 10 12 , ' for a free jet. The lateral cavity
walls had no significant effect on

Figure 5. Axial velocity evolution along the jet centerline the potential core length.

for Re = 4740
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Figure 6 shows the distribution of the longitudinal and transversal components of the
mean velocity and the turbulent kinetic profiles for L,=40 and L, = 3 at Re = 4000. For validation,
these profiles were compared to their corresponding experimental values of Mataoui et al. [15].
The experimental and numerical results were found to be in satisfactory agreement. Minor differ-
ences were observed in the reverse flow areas and in the near wall regions. They were attributed to
the limitation of hot-wire measurements in the recirculating zones. Figure 7(a) evidences the pres-
ence of eddies in the cavity when the jet evolves symmetrically inside the cavity, for different axial
impinging distances. One notes two stagnation zones corresponding to each cavity wall (bottom
and lateral). The jet impinges perpendicularly the cavity bottom and returns towards the exit of
the cavity nearest the cavity lateral wall. The reverse flow leaves the cavity with weak velocity en-
training the external region of the jet and contributing to the development of two counter rotating
eddies on each side of the jet. A low mean velocity, high turbulence energy and a negative pressure
due to the Coanda effect [15] characterize these zones. Other circulation regions appear in each
cavity corner. The size of the corner eddies increases when the impinging distance decreases as
shown in fig. 7(b), which represents an enlargement of one cavity corner.

Heat transfer characteristics

Figure 8 illustrates the local Nusselt number along the cavity bottom for the symmet-
rical jet (L, = 10) and for different impinging distances (2.5 < L,< 10) at a given Re = 4700.
The center of the bottom cavity is at y/A,= 10. For symmetrical interaction, the Nusselt number
distributions are symmetrical; only half region is plotted in fig. 8. The Nusselt number at the
stagnation region decreased when L,is increased. For L,= 2.5, it increased by 29% in compar-
ison with the L,= 10 case. The reduction of the local Nusselt number for L,= 7.5 and 10 at the
stagnation region is due to the fact that the jet impinges the bottom wall with a weak velocity
(outside the potential core). The local Nusselt number exhibited a shifted peak (secondary peak)
at around y/h, = 10,55. The secondary peak corresponded to the interaction of the jet shears
layer with the wall. The local Nusselt number increased with increasing y/h, distance from
the stagnation point to the shifted peak and decreased monotonously while approaching the
lateral wall. Close to the lateral wall the Nusselt number increased; this is due to the presence
of the vortex in the cavity corner. Many challenges are investigated to explain the physical
reasons of the shifted peak. Liu et al. [21] and Lytle and Webb [22] suggested that the shifted
peak is due to the transition from laminar to turbulent. Goldstein et al. [23] attributed it to a
vortex ring presence. Merci and Dick [24] related this peak to the off-axis position of the max-
imum turbulent kinetic energy. This off axis peak is also observed for high Reynolds numbers
(Re > 40000) and small nozzle-to-plate spacing. Two stagnation zones are observed near the
bottom and lateral cavity wall.

The effect of the impinging distance and Reynolds number on the local Nusselt number
is examined for each cavity walls (bottom and lateral) and for two impinging distances: L, =2.5,
L,=10, fig. 9(a) and L,= 10, L, = 10, fig. 9(b). For the cavity bottom wall, the distribution of
Nusselt number presents a small inflection which is more evidenced when Reynolds number in-
creases. The maximum near the cavity corner also decrease with Reynolds number. For the case
of L, = 2.5 the bottom cavity wall is located in the potential core of the jet. Three peaks are evi-
denced, the first one correspond to the main stagnation point, the second to the shear layer wall
interaction, and the third one is in the vicinity of the cavity lateral wall. The third maximum is
due to the eddy within the cavity corner. The size of this eddy is reduced when Reynolds num-
ber increases. For the case of L,= 10, the second peak is less evident as L, increases the same
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Figure 6. Validation, mean velocity components, and turbulent kinetic energy profiles

(closed symbols — present study, open symbols — Mataoui et al. (2001) [15]); (Re = 4000
and L,=40 and L, = 3)

(a) x/h, = 4, (b) x/h, = 8, () x/h, = 14, (d) x/h, = 19, (e) x/h, = 24, (£) x/h, = 29, (g) x/h, = 34
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Figure 7. Effect of the impinging distance L on dimensionless velocity magnitude
(U/U,) and streamlines contours (Re = 8000 and L, = 10)
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compared to the experimenta number (Re = 4700 and L, = 10)

data of Gardon and Akfirat [3]

for a turbulent plane jet impinging perpendicularly a flat plate and of Chan et al. [9] for a jet
impinging on a semi-circular convex surface. The stagnation Nusselt number evolution is ex-
amined for L, = 7.5 and for Re = 1550-30000. A good agreement is obtained with these two
studies except for small Reynolds numbers. For the symmetrical interaction L, = 10, the ratio
between stagnation Nusselt number of the cavity bottom, Nu, , to the maximum value of the
lateral wall Nusselt number, Nuy,,,, decreases with the Reynolds number for all impinging
distances as shown in tab. 1.

Average heat transfer characteristics

The average Nusselt number distributions along the cavity bottom wall are calculated
and compared with the correlation for a flat surface [1], as shown in fig. 11. It appears that the
heat transfer of a confined slot jet impingement is more important than impinging jets without
confinement. Figure 12 shows that the average Nusselt numbers increase with jet exit Reynolds
number and decrease with an increase of the impinging distance L.
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number (L, =7.5 and L, = 10) location inside the cavity is

presented in fig. 14. Similar observations can be made than for the symmetrical interaction
(L, =10): stagnation points correspond to the maximum values of the local Nusselt numbers. The
maximum Nusselt number remains equivalent for each lateral confinement: Nu, = constant
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for a given Reynolds number and a given jet 304
height L,. The impinging distance L, influ-
ences the lateral maximum Nusselt number: T S S S A S A R
Nug.x varies for a given Reynolds number !
and a given jet height L, Figure 12. Effect of Reynolds number
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Figure 13. Isotherms [K]| symmetrical interaction L, = 10 and asymmetrical
interaction L, =5 (L,=2.5; 5, and 10 Re = 8000)
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Figure 14. Effect of the height of the jet inside the cavity (L) Re = 8000

Conclusions

Numerical investigation of heat transfers between a slot jet issuing into a rectangular
hot cavity is conducted. The effect of confinement on heat transfer is evaluated for varying
parameters such as the jet location in the cavity (2 < L,< 10 and 2.5 < L, < 10) and Reynolds
number (1560 < Re <33333). The present study shows that the heat transfer characteristics of
the confined impinging slot jet are not similar to those of the unconfined impinging slot jet.
The effect of lateral cavity walls on flow and thermal field is significant. The decay rate of
heat transfer for confined slot jet impingement is much more important than that of impinging
jets without confinement. The flow structures agree well with available experimental data. The
maximum local heat transfer between the cavity walls and the flow is observed at the poten-
tial core end. The ratio between the stagnation point Nusselt numbers of the cavity bottom to
the maximum Nusselt number on the lateral cavity wall diminishes when Reynolds number
decreases for all considered jet locations. For each lateral confinement, the stagnation Nusselt
number of the asymmetrical interaction or symmetrical interaction is almost constant. Howev-
er, the heat transfer experimental investigation is highly recommended for the confirmation of
the numerical predictions and will be performed in the future.

Nomenclature

H — height of the jet exit, [m] L, — non-dimensional jet height, (= H/hy), [-]
ho — nozzle thickness, [m] Nug — local Nusselt number on the

k — turbulent kinetic energy, [m?s?] bottom wall, [-]

L, — non-dimensional impinging Nu. — local Nusselt number on the lateral

distance, (= X/ho), [-] wall, [-]
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Nugy — stagnation point Nusselt number on the U — axial mean velocity, [ms™]
bottom wall, [-] Us — jet exit mean velocity, [ms™]
Nupmx — maximum Reynolds number on the 14 — radial mean velocity, [ms™]
lateral wall, [-] X — location of the jet exit, [m]
Nug — average Nusselt number on the
botto r%l wall, [] Greek symbols
P — mean pressure, [Pa] & — dissipation of turbulent energy, [m*s~]
Pr — Prandtl number, [] u — turbulent eddy viscosity, [Kg.m's™]
Re  — Reynolds number, (= Upho/v), [-] v — kinematic viscosity, [m?*s™']
T — mean temperature, [K] p — fluid density, [Kgm™]
Ty — wall temperature, [K] 10} — specific dissipation rate, [s™']
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