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SUMMARY 
This paper reports numerical modelling of impinging jet flows using Rodi and Malin corrections to the k - ~  
turbulence model, carried out using the PHOENICS finite volume code. Axisymmetric calculations were 
performed on single round free jets and impinging jets and the effects of pressure ratio, height and nozzle exit 
velocity profile were investigated numerically. It was found that both the Rodi and Malin corrections tend to 
improve the prediction of the hydrodynamic field of free and impinging jets but still leave significant errors in the 
predicted wall jet growth. These numerical experiments suggest that conditions before impingement significantly 
affect radial wall jet development, primarily by changing the wall jet's initial thickness. 
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1. INTRODUCTION 

Impinging jet flows occur under a wide variety of circumstances of practical interest and have 
consequently received considerable attention in the past.'-3 Numerical predictions of such flows, 
however, have been limited in accuracy partly by the performance of turbulence models (which have 
been developed for flows parallel to walls). As Launder4 has pointed out, computational facilities are 
now available for economic solutions of elliptic (rather than parabolic) flows. Consequently, impinging 
jets are receiving renewed attention4 

In our earlier work in impinging jets in cross-flow5 it was argued that a simple k--E model was 
sufficient for the low nozzle hights (and therefore short free jet lengths) of interest. At the same time 
there is no consensus on which turbulence model performs best for such flows. Jones and McGuirk6 
modelled a round turbulent jet in cross-flow using a three-dimensional coarse grid. It was found that 
using such a grid together with a simple solver procedure made it difficult to assess the k-8 turbulence 
model used. Childs and Nixon' predicted some features of impinging jets from nozzles at various 
heights above the surface using three-dimensional grids in conjunction with a standard k-e model. It was 
found that the jet spreading rate was overpredicted and a reversed flow upstream of the impingement 
point was observed. Barata et aL8 predicted the hydrodynamic features of a jet in cross-flow using the 
QUICK solver procedure with a standard k-6 turbulence model. Their main finding was the short- 
coming of the turbulence model to predict the shear stress distribution in the impingement zone. Glynn 
and Jal' modelled a single round impinging jet using the k-E model with Rodi' and Malin" corrections 
for the free jet and wall jet respectively. They showed that the Rodi correction gave good agreement with 
published experimental data for free jets but that the combined modifications, whilst improving the wall 
jet prediction, still gave too low a spreading rate, with too high an initial wall jet thickness. They only 
considered one nozzle height above the ground (hid,, = 8.5) .  Glynn and Jal also calculated the effect of 
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different nozzle pressure ratios on the free jet spreading rate; they found that increasing pressure ratio 
caused an increase in free jet spreading, in contrast with the experimental evidence (see Section 3.1). 
Van Dalsem et al." predicted the ground vortex formed by a single jet in cross-flow using a simple 
Baldwin-Lomax algebraic turbulence model. They predicted ground plane pressure distributions and 
found them to agree reasonably with experimental results. They also conducted some preliminary 
modelling of elliptical nozzles and unsteady flow effects. 

Knowles and Bray's' initial computational work used the k-E turbulence model (with standard 
constant values) to model single-nozzle parametric trends (effect of pressure ratio, height, cross-flow 
velocity ratio and ground plane motion). This work identified which flow field parametric trends were 
not adequately captured by the model and suggested where the shortcomings might lie. In particular, the 
effect of nozzle height on wall jet penetration into cross-flow and the reduction of this penetration with 
moving ground plane operation were both felt to be poorly predicted because of the simple turbulence 
model used. With this in mind, we present here a study of the effect of some modifications to the k--E 
model on impinging jet flow fields. Cross-flow is not considered at this stage. 

This paper reports numerical modelling of jets using the PHOENICS finite volume code. This has 
been used to investigate the effects of pressure ratio, nozzle height, nozzle exit conditions and 
turbulence model on the flow field of free and impinging jets. The turbulence modelling used the 
standard k-e model as well as the Rodi' and Malin" corrections to this. 

2. MATHEMATICAL FORMULATION 

The mean governing equations for single-phase, three-dimensional, steady state flow are given by 

+- -- - 0, a(Pw a(PV)+a@W 
ax Q az 

where 4 is the dependent variable, p is the density, U, Vand Ware the velocity components, r+ is the 
diffusion coefficient for the dependent variable in question and S+ is the corresponding source of 4 per 
unit volume. Terms such as p 3  represent the shear stresses and additional equations are needed to 
model them. Turbulence modelling was obtained by using the standard k-E model and modified versions 
of this. 

The standard k-e model used in the present study is that built into the PHOENICS code which 
determines the Reynolds stresses through the use of the Boussinesq eddy viscosity concept, given by 

-pi@ = P V , ( U ~  + V , i )  - ipk6,. (3) 

The eddy viscosity u, is found from u, = C,,CDk2/e, where k and E are the turbulent kinetic energy 
and its rate of dissipation respectively. The two transport equations used for the solutions of k and E are 
given by 
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where Pk = -uiuj U, is the volumetric production rate of kinetic energy and the standard values of the 
unmodified empirical constants are C,CD = 0-09, C,, = 1.44, C, = 1.92, a, = 1.0 and a, = 1.314. 
Previous experience with these standard values indicates that they tend to be less satisfactory for flows 
such as axisymmetric and wall jets. Rodi9 suggested a remedy for this, based on making these constants 
some function of a mean flow retardation parameter, for the prediction of free jets, while Malin" 
suggested a similar remedy for radial wall jets. 

The modified k--E turbulence models employed in the present work involve the use of the Rodi 
correction for the fiee jet modelling and the Malin correction for the wall jet. Rodi's correction is given 
as 

c, = 0.09 - O*Mf, (6) 

C2, = 1.92 - 0.0667f. (7) 
By contrast the Malin correction is 

C,CD = 0.09, 

C,, = 1.92 + 0.16f. (9) 
For the free jet f is the mean flow retardation parameter given by 

where W,, is the maximum velocity at the jet centreline and b is the radial width of the jet. A similar 
expression is used to calculate f for the wall jet. It should be noted that the formulation of the Malin 
correction given in equation (9) follows the practice of Glynn and Jal? who quote Malin as their source. 
Malin himself," however, does not quote his modification explicitly in this form. 

Implementation of these corrections for an impinging jet flow field needs care. The process used here 
follows the practice of Glynn and Jal.' A small box is defined around the impingement region, with a 
diagonal line extending from its upper comer towards the outer corner of the computational domain. 
Inside the box the standard k k  model is always applied. When the Rodi correction is used, it is applied 
to the region between the diagonal line and the jet centreline. Similarly, when the Malin correction is 
used, it is applied below the diagonal line. 

Adjacent to the wall the model of turbulence must account for the viscous effects; to do that, the wall 
fbnction is used in the present investigation. The wall function may be written as 

1 
K v+ = -ln(Ez+), 

where V+ = V/V,, V, = ( ~ , / p ) " ~ ,  z+ = VTz/vl ,  K = 0.435, E = 0.0 and ill is the laminar kinematic 
viscosity. 

The flow equations were solved using an elliptical computer procedure throughout the present work, 
except for the free jet where a parabolic procedure was used. Compressibility effects were also taken 
into account. PHOENICS provides two approaches for the modelling of compressible flow: the 
isentropic flow equation approach and the perfect gas equation approach. In the present work the 
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latkr is used owing to the different total pressures of the jet and ambient air. That is, the density is 
calculated from the ideal gas law as 

P =pIRT,  (14) 

T = h / C p .  (15) 

with the static temperature T coming from the solved-for specific enthalpy using 

3. RESULTS AND DISCUSSION 
The procedure adopted for modelling the impinging jet consisted basically of first modelling the free jet 
characteristics using the standard k-e model as well as the modified version. The calculations were then 
extended to include impingement. The effect of nozzle exit turbulence intensity was considered in both 
cases. For the free jet calculations the influence of nozzle exit velocity profile was also investigated. 

3.1, Free jet 

In the course of the free jet modelling, only half of the jet was modelled owing to its axisyrnmetry. A 
grid of 24 x 31 0, x z) was used. Such a grid was found by Knowles and Bray' to give an acceptable 
trade-off of accuracy against computational time. The grid was finest in those parts where property 
gradients would be expected to be greatest. The two-dimensional grid was a polar co-ordmte system, 
with the z-axis acting as the jet centreline. The y-axis was selected as being radial and the x-axis defined 
the angular dimension. 

The numerical results were obtained for various nozzle pressure ratios, in the range from 1-05 to 3, 
and various nozzle exit turbulence intensities, in the range from 1 per cent to 15 per cent. Furthermore, 
the flow field was calculated using either a uniform velocity profile or some prescribed velocity profile 
at the exit of the nozzle. 

Figures 1 and 2 show the predicted velocity profiles using standard and modified k--E turbulence 
models compared with the experimental results of Donaldson and Snedeker12 at two downstream 
locations (z/d, = 1.96 and 3.92) for turbulence intensities of 5 per cent and 10 per cent. It can be seen 
that the standard model tends to overpredict the spreading of the jet for all turbulence intensities used, 
while the Rodi correction improves the predicted results compared with the experiment. Figure 1 also 
indicates clearly that both models tend to predict filly developed velocity profiles, whereas the 
experimental results show a potential core of width approximately @7r5 at z/d,  = 1.96, reducing to 
approximately @3r5 by z /d ,  = 3-92 The effect of turbulence intensity (at the nozzle exit) on the 
predicted axial velocity decay is shown in Figure 3. Both versions of the k-E model tend to overpdict 
the velocity decay rate, but the prediction is improved as the turbulence intensity is reduced from 10 per 
cent to 1 per cent or by using the modified version of the model. The effect of turbulence intensity on the 
rate of decay of the axial velocity is well illustrated in Figure 4 (using the standard k-e model) with 
pr, = 1.1 and a uniform velocity profile at the exit. The figure shows that as the turbulence intensity is 
increased from 1.5 per cent to 15 per cent, the rate of decay of the jet as well as the spreading rate is 
increased. The potential core of the jet is made shorter as the mixing region is diffused in the core. When 
a parabolic velocity profile is assumed at the exit of the nozzle, the rate of decay of the velocy is 
increased further, as seen in Figure 5 .  This is apparently due to the absence of a potential core in the case 
of the parabolic exit velocity profile. 

Increasing the pressure ratio from 1 - 1 to 2.5 and 3 tends to preserve the jet and increase its width, as 
can be seen from Figures 6 and 7. This observation tends to agree with the experimental findings of 
Curtis'3 and to disagree with the PHOENICS predictions of Glynn and Ja1.2 The notable difference for 
the high-pressure-ratio cases is the presence of peaks at either side of the jet exit plane which are formed 



COMPUTATIONAL STUDIES OF IMPINGING JETS 803 

T u , ~  10% 
-.+- k-E rtandord 

2.11 
TU,. !H r/r5 +Rodi comdion 
-.A- k-E standard - -x=- rxporiment ti21 
--c- Rodi corrrction 
--x-- experiment (121 

62 64 d6 60 ;b 
W I W ,  

Figure 1. Normalized subsonic free jet velocity profiles at z/d. = 1.96 

in the vicinity of the nozzle exit. These peaks are due to the high velocity reached as the underexpanded 
nozzle flow expands to ambient conditions. 

3.2. Impinging jet 

The impinging jet system modelled in these studies consists of an misymmetric air jet impinging on a 
plane normal to its axis at a distance h from the nozzle (see Figure 8). The numerical modelling of this 
case is an extension of the free jet modelling. A polar, axisymmetric co-ordinate system was used which 
consisted of 39 cells of total length 0.6177 m in the (radial)y-direction. The axial zdirection depended 
on the height of the nozzle above the ground. An elliptical solution of the flow equations is employed 
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Figure 2. Normalized subsonic h e  jet velocity profiles at z/dn = 3.92 
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Figure 3. Subsonic free jet axial velocity decay 

Figure 4. Comparison of subsonic free jet velocity profiles at pressure ratio of 1.1 and Tul = 1.5 per cent (left), 5 per cent 
(middle) and 15 per cent (right) with uniform nozzle exit velocity profile 

Figure 5. Subsonic free jet velocity profiles with parabolic nozzle exit velocity profile; pr. = 1.1, Tu, = 1.5 per cent (left) and 
5 per cent (right) 
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Figure 6. Supersonic frce jet velocity profiles with uniform nozzle exit velocity profile; pr, = 2.5, Tu, = 1.5 pcr cent (lea), 
5 per cent (middle) and I5 per cent (right) 

based on the SIMPLE procedure used in PHOENICS. The predicted results were compared with the 
experiments of Curtis'3 and Poreh et al. l4 The implementation of the Rodi' and Malin" corrections for 
the constants used with the k-e model was in general similar to that used by Glynn and Jal.' In a small 
region very close to the impingement zone no corrections wen applied, while in the free jet the Rodi 
correction was used and away h m  the impinging jet the Malin correction was used. Calculations were 
also performed with the Malin correction applied to both the wall jet and the free jet. 
The predicted spread of the wall jet using various versions of the k-e model for h/d, = 7.5 is shown 

in Figure 9 compared with the experimental results of Poreh et all4 The four computational c w e s  
represent the predicted growth of the radial wall jet using respectively: the staadard k-e model for both 
the h e  and wall jets; the Rodi correction for the free jet with the standard model for the wall jet; the 

Figure 7. Supersonic frce jet velocity profiles with uniform nozzle exit velocity profile; pr, = 3, Tul = 1.5 per cent. 5 pcr cent 
(middle) and 15 per cent (right) 
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Figure 8. characteristics of impinging jet flow field 

standard model for the fke jet with the Malin correction for the wall jet; and the Rodi correction for the 
free jet with the Malin correction for the wall jet. As observed by Knowles and Bray,5 the standard k-e 
model underpredicts the spreading rate of the wall jet. Applying the Rodi correction to the free jet does 
not seem to change the spreading rate of the wall jet, but shifts its apparent origin. Thus wall jet 
predictions with the more accurately predicted free jet are actually worse in tenns of thickness (u,,,) at a 
given radial position (y). 

Adding the Malin correction to the wall jet increases its spreading rate, as intended. The 
improvement, however, is only slight. Combining the Malin and Rodi corrections improves the 'Rodi 
only' results by increasing the wall jet spreading rate, but the initial thickness is still too low. Again, wall 
jet calculations with the more accurately predicted free jet are actually worse than with the standard k-e 
results for the free jet. 
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F i m  9. Effect of modified tuhlence modela on wall jet sprrading 
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There are seen to be two areas of error in the wall jet calculations. One is the predicted decay rate. 
This has been addressed by Malin," who ascribes the failure of the standard K--E model in radial wall jets 
to an underestimation of the increased turbulent length scale (compared with the planar case). This 
increased length scale in turn is due to lateral divergence of the flow, which is present in the radial case 
but not in the round or planar cases. Bradshaw" has identified the surprisingly large effect of lateral 
divergence on turbulence structure. The other source of error is in the initial thickness of the wall jet. In 
our calculations this is seen to have a far greater effect on the predicted wall jet thickness than has the 
spreading rate itself 

It is worth noting that Figure 9 is showing the far-field behaviour of the wall jet to beyond 2 0 4  from 
the impingement point. By contrast, Glynn and Jal' placed their radial boundary at 126,. Not only did 

2.0 1 

0.8 

0.4 

*Udm-5.0 
o . o !  8 I I .  I I ,  I .  1 -  I I ,  

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 
Y 4  

Figure 11. Effect of nozzle height on wall jet SpTCading using standard k+ turbulence model 
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this limit the range over which they could make comparisons with experiments, but the proximity of the 
boundary also seemed to affect some of their results, as discussed by Knowles and Bray.’ The large 
radial extent of the present computations must be considered if V/STOL aircraft flows are to be 
m~delled.~ 

The effect of nozzle exit turbulence intensity on the prediction of the wall jet thickness using the 
modified and unmodified versions of the k-t turbulence model seems to be negligible when h/d, = 7.5, 
as seen in Figure 10. This is not the case for the free jet, which has been found to be very much affected 
by the turbulence intensity at the jet exit when either version of the turbulence model is used. There is a 
small effect of nozzle exit turbulence level seen in Figure 10, but it is limited to a small change in initial 
wall jet thickness. Figure 1 1 shows the prediction of the wall jet spreading for various values of h/d,. It 
can be seen from the figure that as h/d,  increases, the wall jet thickness is increased. This tends to agree 
with some of our own recent measurements.’6 

4. CONCLUSIONS 

A numerical study has been conducted using various versions of the k--E turbulence model to predict the 
hydrodynamic field of free and impinging jets. The effect on the flow field of nozzle pressure ratio, 
turbulence intensity, velocity profile and height above the ground were investigated. The following 
conclusions have been drawn. 

(i) Increasing nozzle pressure ratio tends to reduce the free jet centreline velocity decay rate. 
(ii) Increasing nozzle exit turbulence intensity promotes more rapid mixing and hence decay of the 

free jet. There is, however, a negligible effect on wall jet growth, confined to a small change in 
wall jet initial thickness. 

(iii) Assuming a parabolic nozzle exit velocity profile rather than a uniform profile gives an 
increase in free jet decay. 

(iv) Increasing the nozzle height was found to increase the wall jet thickness at a given radius. The 
decay rate, however, does not seem to be affected and the main influence seems to be through 
an increase in the initial wall jet thickness. 

(v) The standard k-E model overpredicts the spreading rate of a free jet and underpredicts the 
spreading rate of a radial wall jet. The Rodi correction improves the free jet prediction and the 
Malin correction makes a small but inadequate improvement in the prediction of the radial wall 
jet. 

(vi) The wall jet prediction is seen to be strongly dependent on the free jet calculation. A more 
accurate free jet calculation does not, however, necessarily produce a more accurate wall jet 
prediction; indeed, the opposite has been found to be the case in these calculations. 
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APPENDIX: NOMENCLATURE 

wall jet thickness to half peak velocity 
h e  jet or wall jet thickness 
specific heat at constant pressure 
turbulence model constant 
turbulence model constant 
turbulence model constant 
turbulence model constant 
diameter of n o d e  
mean flow retardation parameter (equation (1 0)) 
perpendicular height of nozzle exit above ground, or specific enthalpy (equation (1 5 ) )  
turbulent kinetic energy 
pressure 
nozzle pressure ratio, p o / p ,  
radius of jet 
radius at which jet velocity equals O.SW,, 
specific gas constant 
source of i#~ per unit volume 
temperature 
turbulence intensity 
x-axis velocity 
y-axis velocity 
fiction velocity 
dimensionless near-wall velocity 
z-axis velocity 
maximum jet velocity 
angular dimension in polar coordinate system 
horizontal (radial) distance 
vertical distance (measured in direction of jet flow from nozzle exit) 
dimensionless wall distance 

Greek letters 

E 

VI laminar kinematic viscosity 
vt turbulent (eddy) kinematic viscosity 
P density 

rate of dissipation of turbulent kinetic energy 

Subscripts 

0 stagnation 
1 jet exit conditions 
n nozzle properties 
W wall jet properties 
00 ambient (mss-flow) 
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