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Numerical simulation and analysis of three-dimensional
turbulent impinging square twin-jet flow field with

no-crossflow

Shu-Hao Chuang* and Tsu-Jui Nieh

Institute of Mechanical Engineering, National Chung-Hsing Uni6ersity, Taichung, Taiwan, Republic of China

SUMMARY

The three-dimensional turbulent impinging square twin-jet flow with no-crossflow is analyzed by
employing the computational fluid dynamics (CFD) code PHOENICS. The SIMPLEST algorithm and
the Jones–Launder k–o two-equation turbulence model are used to simulate the strong turbulence of the
three-dimensional impinging twin-jet flow field. The transport properties of velocity, pressure, and
structure of exhausted nozzles at a space of S=5D, jet exit height of H=3D, and main nozzle jet
Reynolds number of 105000 are solved in this paper. The axial velocities of the present calculated results
are found to be in good agreement with the experimental data of Barata et al. [Barata JMM, Durao
DFG, Heitor MV. Impingement of single and twin turbulent jets through a crossflow. AIAA Journal
1991; 29: 595–602]. The calculated results show that the flow field structure of twin-jet impinging on a
flat surface is strongly affected by the depth of geometry. Also, the calculated results show that several
recirculating zones are distributed around the flow field. Their size and location are different from the
two-dimensional flow field due to the effect of flow stretching in the y-direction. In addition, fountain
upwash flow is extended to the narrow region of the outer boundary. The phenomena in the present
analysis provide a fundamental numerical study of three-dimensional impinging twin-jet flow fields and
a basis for the further analysis of three-dimensional impinging twin-jet flow fields with a variable angle
nozzle and plate. Copyright © 2000 John Wiley & Sons, Ltd.

KEY WORDS: fountain upwash flow; no-crossflow; recirculation zone; three-dimensional turbulent flow;
twin-jet impinging flow

1. INTRODUCTION

The structural analysis of the impinging jet is very important because of its wide application
to engineering and practical problems, such as dryers, annealing of metal and glass, forming
of plastic, secondary cooling of cast iron, cooling of transistors, cooling of turbine blades,
drying of textile and paper, heating of glass products, the take-off of V/STOL aircraft (as
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shown in Figure 1), and the vectoring of fighter planes. Studies of a three-dimensional
impinging twin-jet flow may provide some basic understanding of the practical three-
dimensional multiple impinging jets flow field. The effects of ground plane on impinging jet
flow are important to the performance of V/STOL aircraft design. The three-dimensional
vectored jet impinging on the ground plane and the wall jet flow field developed along the
downstream ground plane between the twin-jet are very complicated phenomena. To approach
these phenomena using theoretical analysis or experimental measurements can be quite
difficult. The cost of experimentation may be substantial in order to understand the structure
of the impinging twin-jet flow field. Therefore, numerical simulation may be a cost-effective
approach to the investigation of an impinging twin-jet flow field. Three-dimensional impinging
twin-jet flow fields can be divided into ten regions: (1) free jet region, (2) jet impingement
region, (3) lower wall jet region, (4) fountain formation region, (5) fountain up-wash region,
(6) combined wall jet region, (7) stagnation line region, (8) fountain impingement region, (9)
upper wall jet region, (10) entrainment region (as shown in Figures 2 and 3). Their structures
are somewhat different from the two-dimensional impinging jet [1,2] and twin-jet [3].

1.1. Re6iew papers of two-dimensional impinging jet and twin-jet flow

Wolfshtein [4] summarized all experimental and analytic studies of the planar turbulent
impinging jet up to 1970 in his review paper. Experimental measurements of the impinging jet
with a round nozzle were carried out by Coleman [5], who found that the flow was essentially
characterized by three regions, namely the free jet region, the jet impingement region, and the
wall jet region. The static pressure distribution of the ground plane for the impinging region
has been solved by the frozen vorticity concept [6]. Theoretical analyses of impinging jet flow
have been concerned with finding solutions of several separate regions and then combining
these into a complete solution [7,8]. The two-dimensional Navier–Stokes equation with ground
effect was studied by Bower and Kotansky [9], who first utilized the augmented central
difference and the one-equation turbulent model to simulate the impinging jet flow. A
two-dimensional impinging jet flow was studied by Bower and co-workers [10,11], who utilized
the streamfunction–vorticity and Jones–Launder [12] k–o two-equation turbulence models.

Figure 1. V/STOL military aircraft.
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Figure 2. Impinging twin jet flow structure of central plane across two exhaust nozzles.

These results showed good agreement between numerical predictions and experimental data.
Incompressible, inviscid, rotational impingement problems have also been considered [13]. The
results for two-dimensional normal axisymmetric impingement and oblique impingement jets
compared well with the experimental data of Rubel [13]. Agarwal and Bower [14] and Looney
and Walsh [15] used the same turbulence model to predict the impinging jet flow and found
similar agreement. The above solution methods were limited to the use of the streamfunction–
vorticity for solving the Navier–Stokes equations. Ho and Nosseir [16] investigated the
feedback phenomenon in an impinging jet. They found that pressure fluctuations were
generated by the impingement of the coherent structures on the plate. Besides, these pressure
fluctuations will induce self-sustained oscillations in some situations [17,18]. Ho and Hsiao [19]
employed an experimental method to study the interaction between the free shear layer and the
boundary layer of the wall jet. In order to further understand the structure of impinging jet
flow, one needs to use the primitive variables for solving an impinging twin-jet flow. In viscous
flow the fine mesh spacing makes the MacCormack scheme with the explicit method [20,21]
extremely costly. Implicit methods [22,23] make use of a possible large time step but require
the inversion of block tridiagonal matrices. A numerical simulation of impinging jet flow using
the Beam–Warming method [22] has been performed by Hwang and Liu [24]. A method
developed by MacCormack [25] has eliminated this disadvantage by introducing a predictor–
corrector scheme. Unfortunately, this method was demonstrated only for a simple case. There
are some studies [1–3,26–31] of impinging single-jet and twin-jet flows showing good
agreement between numerical predictions and experimental data. Miller [32] employed an
experimental method to measure the flow properties of wall jets resulting from single and
multiple inclined round jet impingement in a two-dimensional flow. Seyedein et al. [33] used

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2000; 33: 475–498
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Figure 3. Schematic flow structure of three-dimensional impinging twin jet. (a) Flow structure of upper
plate, (b) flow structure of lower plate.

the numerical method to simulate the two-dimensional turbulent flow and heat transfer from
confined multiple impinging slot jets. Their calculated results show that the predicted value of
the Lam–Bremhorst low-Reynolds number model is prior to the standard high-Reynolds
number model.

1.2. Re6iew papers of three-dimensional impinging jet and twin-jet flow

Experimental measurements with the pitot tube of the three-dimensional impinging jet with a
round nozzle with various impinging surfaces, such as plane, convex, concave, and cylinder,
were carried out by Donaldson and Snedeker [34]. Siclari et al. [8] had calculated the results
of theoretical models for three-dimensional jet-induced effects on V/STOL aircraft. Siclari et
al. [35] employed an experimental method to study the three-dimensional two-impinging jets

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2000; 33: 475–498
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flow, the main purpose of this study is concentrated in the stagnation line and up-wash
formation. A three-dimensional impinging jet flow with a rectangular nozzle was studied by
Kotansky and Glaze [36], who used an experimental method approach. Elbanna and Gahin
[37] used an experimental method to investigate the two-plane parallel jets; the measured
properties are the main velocity, the turbulent intensity, and Reynolds shear stress. A
numerical study of three-dimensional single impinging jet with crossflow was performed by
Barata et al. [38]. Their numerical schemes included Hybrid and QUICK schemes. McGuirk et
al. [39] employed experimental and numerical methods to investigate the three-dimensional
impinging round jet flow with crossflow. Their algorithm models are a low-order Hybrid
scheme and a high-order QUICK scheme. A three-dimensional turbulent flow of hot gas
ingestion was studied by Vanoverbeke and Holdeman [40], who used the TEACH-type
code. Yoo and Strash [41] employed the three codes VSAERO, ARC3D, and APPL to
calculate and simulate a three-dimensional V/STOL aerodynamics flow. The impingement
of single and twin turbulent jets through a crossflow was studied by Durao et al. [42], who
employed a Laser–Doppler device to measure the flow properties and used a QUICK
scheme to finish the numerical method. Experimental measurements with the split-film
probe of the three-dimensional impinging parallel jets flow were carried out by Lin and
co-workers [43,44]. They found that the interaction flow between jets can be divided into
three regions, such as the converging region, the merging region, and the combined region.
Tafti and Vanka [45] employed the code of full multigrid cycle to solve the k–o two-
equation and simulate the hot gas environment around V/STOL aircraft. Also, Roth et al.
[46] employed the code F3D with implicit, two-factor, partial flux splitting method to solve
the thin-layer of the Navier–Stokes equation of the three-dimensional impinging compress-
ible flow with crossflow. Kim and Benson [47,48] employed the M-S model to simulate the
three-dimensional impinging jets and multiple jets with crossflow. They proved that good
results for non-equilibrium turbulent flow can be obtained using the M-S model. Experi-
mental measurements of three-dimensional impinging axisymmetric jet flow at various
nozzle angles were carried out by O8 zdemirc and Whitelaw [49].

The jet impinging on the ground plane and the wall jet flow field that develop down-
stream of the ground plane are very complicated phenomena. The lift force is produced by
the jet propulsion force and the ground effect. The jets, in general, come from the engine
exhaust gas, which is a high-temperature, high-pressure gas. In this environment, the sur-
rounding fluid is induced by the impinging jets and made form recirculations. Then, the
up-wash fountain flow is formed between the twin-jet. The above review papers are summa-
rized in Table I. According to Table I, studies of three-dimensional impinging twin-jet flow
with square nozzles are scarce. Therefore, the intention of this paper is to investigate the
phenomena of a three-dimensional impinging square twin-jet flow field with no-crossflow.
This paper employed the code PHOENICS and adopted the SIMPLEST algorithm and the
Jones–Launder k–o two-equation turbulence model. The finite difference equations are
derived by integrating the governing equations over a control volume surrounding each grid
point. A hybrid scheme [50] is used for the representation of the connective and diffusive
terms across the control surface.

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2000; 33: 475–498
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2. THEORETICAL MODEL

2.1. Physical model

The basic configuration of the numerical simulation region is shown in Figure 4. The top view
and front view of the physical model are shown in Figures 5 and 6 respectively. Both sizes of
the nozzles are D×D, and the space between the exhaust nozzles and the dimension of the
plates are S and (30D+S)×30D, as shown in Figure 5. The height of the jet exit plane above
ground is H, and the exit velocity of the nozzle is Vj. In this paper, in order to show the quality
analysis of three-dimensional impinging twin-jet flow with two square nozzles, we let S=5D,
H=3D, and ReVj

=105000, where Vj=16.212 m s−1. The grid points used here are 84×70×
12 in the x-, y-, and z-directions respectively.

2.2. Assumptions

In order to simplify the three-dimensional impinging twin-jet flow, the following assumptions
are made:

1. the fluid is a Newton viscous fluid and incompressible flow
2. the flow is turbulent and steady state
3. gravity effects are negligible
4. isotropic turbulent flow is considered
5. the flow is isothermal
6. the jets flow from the nozzle are uniform

2.3. Go6erning equations

For the steady three-dimensional turbulent impinging twin-jet flow, the transport equation
with rectangular co-ordinates can be written as

Continuity equation

(ui

(xi

=0 (1)

Na6ier–Stokes equation

((uiuj)
(xj

= −
1
r

(p
(xj

+n
(

(xj

�(ui

(xj

+
(uj

(xi

n
(2)

where ui is the velocity component in the i-direction, i=1, 2, 3. The required grid number of
the Navier–Stokes equation is very large if we directly solve the problem with numerical
analysis. In order to simplify the grid system of the impinging twin-jet flow, the k–o [12]
turbulent model is used to simulate the three-dimensional turbulent flow. Now, the governing
equations are obtained as

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2000; 33: 475–498
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Figure 4. Physical configuration of three-dimensional impinging twin-jet.

Figure 5. Top view of physical configuration.

Figure 6. Front view of physical configuration.

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2000; 33: 475–498
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Continuity equation

(ūi

(xi

=0 (3)

Na6ier–Stokes equation

((uiuj)
(xj

= −
(

(xj

�P(
r

+
2
3

k
�

+
(

(xj

�
nt
�(ūi

(xj

+
(ūj

(xi

�n
(4)

k transportation equation

(kūj

(xj

=
(

(xj

� nt

sk

(k
(xj

�
+ntS−o (5)

o transportation equation

(oūj

(xj

=
(

(xj

�nt

so

(o

(xj

�
+c1

o

k
ntS−c2

o2

k
(6)

where

ui= ūi+u %i, u %i is a fluctuation velocity

S=
�(ūi

(xj

+
(ūj

(xi

� (ūi

(xj

nt=cm

k2

o

k=
1
2

u %iu %i=
3
2

I2U2

o=n
�(u %i
(xj

�2

=
cmk2

nt

u %iu %j=
2
3

kdij−nt
�(ūi

(xj

+
(ūj

(xi

�
Launder and Spalding [51] suggested the constants of the coefficients used in the present study
are cm=0.09, c1=1.44, c2=1.92, rk=1.0, ro=1.3.
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3. NUMERICAL ANALYSIS AND BOUNDARY CONDITIONS

3.1. Grid system

The numerical calculation domain and grids used are shown in Figure 7. The grid size at the
twin-jet nozzles and the distance between the two nozzles are uniform in the x- and
y-directions, and then expand downstream from the nozzle edge. Also the grid size is uniform
in the z-direction.

The staggered grid arrangement of integration over the control volume was used to avoid
wavy phenomena [50]. For the present problem, the arrangement of the grid system 84×70×
12 is optimum when checking the accuracy of grids and convergence rate, as shown in Figure
8.

3.2. Finite difference equations

The general form of Equations (3)–(6) for steady flow can be written as

(

(x
(fu)+

(

(y
(f6)+

(

(z
(fw)

Convection term

=
(

(x
�
Gf

(f

(x
�

+
(

(y
�
Gf

(f

(y
�

+
(

(z
�
Gf

(f

(z
�

Diffusion term

+ Sf

Source term

(7)

where f denotes the dependent variables such as u, 6, w, k, and o. Gf is the transfer coefficient
of f.

Integration over the control volume cell was employed to construct the finite difference
equations. First, the general form of Equation (7) can be rewritten as

(Jx

(x
+
(Jy

(y
+
(Jz

(z
=Sf (8)

Figure 7. Grid system (S=5D, H=3D).
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Figure 8. Test of the independence of grid points.

where

Jx=uf−Gf

(f

(x

Jy=6f−Gf

(f

(y

Jz=wf−Gf

(f

(z

Integration of Equation (8) over the control volume gives

Je−Jw+Jn−Js+Jh−Jl=0 (9)

where the adopted control volume is shown in Figure 9, and Ji is the net total flux at control
interface i. Also, integration of the continuity equation over the control volume cell gives

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2000; 33: 475–498
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Figure 9. Control volume arrangement for x–y plane.

Fe−Fw+Fn−Fs+Fh−Fl=SfDxDyDz (10)

where Fi is the mass flow rate at control interface i, which are the following:

Fe=ueDyDz

Fw=uwDyDz

Fn=6nDzDx

Fs=6sDzDx

Fh=whDxDy

Fl=wlDxDy

Subtracting Equation (10) multiplied by fp from Equation (9) gives

(Je−Fefp)− (Jw−Fwfp)+ (Jn−Fnfp)− (Js−Fsfp)+ (Jh−Fhfp)− (Jl−Flfp)

=SfDxDyDz (11)

The source term needs to be linearized [50], such that Sf=Sc+Spfp. The Hybrid scheme [50]
is used here. Then, the total flux of the control volume cell can be written as

Ji−Fifp=ai(fp−fi), i=e, n, h

Ji−Fifp=ai(fi−fp), i=w, s, l (12)

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2000; 33: 475–498
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where

ai=DiA(�Pi �)+ [−Fi, 0], i=e, n, h

ai=DiA(�Pi �)+ [Fi, 0], i=w, s, l (13)

A(�Pi �)= [0, 1−0.5�Pi �], Pi=Fi/Di is the Peclet number for surface i ; [A, B ] means the choice
of maximum value between A and B, and Di=GiAi/(dx)i. Substituting these relations into
Equation (11), we obtain

apfp=aefe+awfw+anfnasfs+ahfh+alfl+b (14)

where

b=ScDxDyDz

ap=ae+aw+an+as+ah+al−SpDxDyDz

3.3. Solution technique

The SIMPLEST [52] (SIMPLE short tend) algorithm was employed to solve the present
problem. The SIMPLEST algorithm originates from the SIMPLE algorithm. The advantage of
SIMPLEST is fast convergence. For a point n, the finite difference of the momentum equation
is anun=S (dnun)+S (cnun)+b, where u is the velocity at point n, d is the diffusion coefficient,
c is the convection coefficient, and b is the source term. The momentum finite difference
equation is written as anun=S (dn+cn)un+b when we use the SIMPLE algorithm. The
momentum finite difference equation is written as anun=S (dnun)+ (S (cnun)+b) when we use
the SIMPLEST algorithm. The convection effect is neglected for the SIMPLEST algorithm in
order to increase the convergence rate. The solution procedure is aided and achieved by the
code of PHOENICS (parabolic, hyperbolic or elliptic numerical integration code series). The
flow chart of the numerical simulation is shown in Figure 10.

The structures of the PHOENICS code are included in two main codes SATELLITE and
EARTH, and four auxiliary codes PHOTON, AUTOPLOT, PINTO, and GUIDE. The
function of SATELLITE is the front treatment, EARTH is the main calculation, PHOTON,
AUTOPLOT, and PINTO are the back treatment, and GUIDE is an auxiliary information.
The solution procedures are initiated with estimates for the velocity and pressure fields and
they then proceed with line-by-line iterations. After each sweep over the solution domain,
adjustments for the pressure and velocity fields are made to satisfy the continuity equation
along each line of the control volume. Iterations are continued until the continuity equation is
satisfied to the convergence criterion. The tolerance of normalized mass residual is typically
� �Rf �B10−3. The control processor time on a HP-9000/755 computer is about 12–20 h to
convergence for 1500–2000 iterations per case. Details of the SIMPLEST algorithm [50,52]
calculation procedures and the hybrid scheme [51] will not be repeated here.

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2000; 33: 475–498
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Figure 10. Flow chart of numerical simulation.

3.4. Boundary conditions

(a) At the inlet

ui=Vj, i=1, 2

6=0

wi=Vj, i=1, 2

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2000; 33: 475–498



ANALYSIS OF A 3D TURBULENT IMPINGING FLOW FIELD WITH NO-CROSSFLOW 489

ki=0.003(Vj)i
2, i=1, 2

oi=
cmki

3/2

0.03(Di/2)
, i=1, 2

(b) At the outlet

(f

(x
=
(f

(y
=0 and w=0, f=u, 6, k, o, p

(c) At the wall

u=6=w=0 (no-slip condition), k and o are handled by the wall function [12,51].

4. RESULTS AND DISCUSSION

The calculated results of velocity were compared with the experimental data of Barata et al.
[42], as shown in Figure 11, under the same conditions and good agreement was found.

The velocity vector of upper and lower plates are shown in Plate 1. In order to see the
distribution of velocity, the distance (z-axis) between the two plates is amplified eight times.
Two strong main jet flows are injected downward from the nozzle, and induced the surround-
ing flow to enter the numerical simulation region. The flow direction of the fluid is spread into
the surrounding when the twin-jet impinges the lower plate. The lower plate jet flow is formed

Figure 11. Mean velocity w of central line across two exhaust jets.

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2000; 33: 475–498
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when the impinging flow is spread along the lower plate. The fountain up-wash region is
formed between the inward flow of the lower plate jets due to the collided interaction, and
the partial flow along the lower plate to the boundary is formed from a combined wall jet
region. From the velocity vector distribution of the upper plate, we can see that the flow
direction of the fountain up-wash flow between two impinging jets is upward. The upper
wall jet regions are also formed when the fountain up-wash flow impinges the upper plate
and changes the flow direction. Also, the recirculating zones are produced when the im-
pinging flow of the upper plate interacts with the induced surroundings flow. The velocity
vectors of three x–z cutted planes (A1–A1, A2–A2, A3–A3) are shown in Plate 2. The
recirculation zones are clearly shown in Plate 2. Furthermore, the upper flow of fluid is
formed from the inside region of the twin-jet extension to boundary. Therefore, the foun-
tain up-wash region is not only narrowed and concentrated between twin jets, it is also
extended to the boundary. The velocity vector of three y–z cutted planes (B1–B1, B2–B2,
B3–B3) are shown in Plate 3. In order to view these, the length of the x-axis is amplified
three times. The recirculation zones in the B2–B2 plane and the B3–B3 plane are clearly
shown in Plate 3. The velocity vectors of eight cutted planes (vertical to the y-axis and
along the positive z-axis) are shown in Figure 12. The flow along the parallel x-axis is
stronger when the fluid flow is injected from the nozzle (cutted planes 4 and 5) due to the
jet flow impinging the lower plate. The fluid flow along the parallel y-axis is stronger when
the flow is located between twin jets, and the content of the combined region is a combined
wall jet region or an upper wall jet region. The velocity vectors of eight cutted planes
(vertical to the y-axis and along the negative x-axis) are shown in Figure 13. The maxi-
mum flow velocity along the positive z-axis appears at the cutted plane through two jet

Figure 12. Mean velocity vector of cutted planes 1–8 (top view).

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2000; 33: 475–498
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Figure 13. Mean velocity vector of cutted planes 1–8 (side view).

exits (cutted planes 4 and 5), i.e., through the main jet flow. From Figure 13, it can be
seen that the flow velocity parallel to the y-axis is larger when it is near to the lower plate,
because the initial velocity of the y component of the combined wall jet is larger than the
upper wall jet (cutted planes 2, 3, 6, and 7). However, the results are incorrect when the
flow is along the downward boundary (cutted planes 1 and 8) because the flow of upper
plate parallel to the y-axis is formed by the fountain up-wash flow impinging the upper
plate, and the flow of the lower plate parallel to the y-axis is formed by impinging between
the lower wall jets and the spread to the surroundings.

The distribution of velocity vectors at various sub-layers of the x–y plane is shown in
Figure 14(a)–(e). The recirculation phenomenon appears in every sub-layer of the x–y
plane, and it gradually disappears nearer to the lower plate. The phenomenon of three-
dimensional impinging jet flow is very complicated. The superposition recirculation zones of
each plane can construct a three-dimensional phenomenon of the recirculation zone. From
the side view of Figure 14, the downward flow of fluid (positive z-axis) is formed by the
main jet and the induced flow of the surroundings. The upward flow (negative z-axis) is a
fountain up-wash flow. Therefore, the larger upward velocity at various sub-layers appears
in the regions between twin jets. From the front view of Figure 14, the fountain up-wash
flow from the lower plate is more concentrated when it flows upstream. Then the flow is
impinged and spread to surroundings until it approaches the upper plate. Further, the
downward flow of the main jet also includes the spread fluid of fountain up-wash flow.

The distribution of velocity vectors in the x–y plane at a quarter of the various layers is
shown in Figure 15(a)–(c). From the first layer of the x–y plane (neighboring the upper
plate), it is obvious that two recirculation zones are formed due to the interaction between
the upper wall jet flow and the induced flow. The total number of recirculation zones in
the x–y plane is eight due to the symmetry of the flow. The recirculation zone is gradually
spread when the height is decreased. Furthermore, the stronger upper wall jet region and
the combined wall jet region become narrow and weak after the flow direction is left, as
shown in Figure 15(c).
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Figure 14. Mean velocity vector at various layers of the x–y plane. (a) First, (b) fourth, (c) seventh, (d)
tenth, and (e) twelfth net grid layer of the z-axis.
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Figure 14 (Continued)

The u-, 6-, w-, and p-contours, and the streamline of a cutted plane through two nozzles of
the jet center are shown in Figures 16–19 respectively. The black line of a contour is a positive
value and the colored line is a negative value. Ten contour lines are drawn between positive
values and negative values. First, we can find the maximum gradient of the u-contour is
located at the impinging jet region and the lower wall jet region because the fluid is turned and
accelerated in the impinging region, as shown in Figure 16. The velocity of the lower wall jet
is first accelerated and then decelerated because the pressure gradient of impinging jet region
is larger. The initial acceleration of the impinging flow is from the stagnation point until the
wall jet flow because the critical position is controlled by a viscous force. Similarly, the same
condition appears in the fountain impingement region and the upper wall jet region. Further-
more, the gradient variation of the jet impingement region and the lower wall jet region is
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Figure 15. Mean velocity vector at various layers of a quarter of the x–y plane. (a) First, (b) eighth, (c)
twelfth net grid layer.

larger than the above condition. The gradient variation of the u-velocity contour in the
recirculation zone is also obvious.

The contour of the 6-velocity is shown in Figure 17. From Figure 17, it is seen that the value
of the 6-velocity component is not large, but the gradient variation is obvious at the
impingement region, the wall jet region, and the recirculation region. The w-velocity compo-
nent contour of the central cutted plane is shown in Figure 18, and we find that the larger
gradient variation appears in both sides of the main jets flow and the fountain up-wash flow.
The pressure contour of the central cutted plane is shown in Figure 19. The maximum gradient
variation of pressure is in the jet impingement region, as shown in Figure 19. The high pressure
region also appears in the fountain formation region and the fountain impingement region.
Also, the relative pressure of the recirculation zone is lower (the minimum relative pressure is
at the recirculation center). The streamline of the central cutted plane is shown in Figure 20.
The formation of the recirculation zone is shown in Figure 20.
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Figure 16. u-contours of the x–y plane across the central plane of two exhaust jets. Whole field range
of values is from −9.77 to 9.77, the plane range of values is from −9.77 to 9.77 (no-crossflow, uL=90°,

uR=90°, S=5D, H=3D, Re=105000).

Figure 17. 6-contours of the x–y plane across the central plane of two exhaust jets. Whole field range
of values is from −9.06 to 9.06, the plane range of values is from −0.599 to 2.99 (no-crossflow,

uL=90°, uR=90°, S=5D, H=3D, Re=105000).

Figure 18. w-contours of the x–y plane across the central plane of two exhaust jets. Whole field range
of values is from −5.45 to 16.3, the plane range of values is from −5.39 to 16.3 (no-crossflow, uL=90°,

uR=90°, S=5D, H=3D, Re=105000).
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Figure 19. p-contours of the x–y plane across the central plane of two exhaust jets. Whole field range
of values is from −10.5 to 125, the plane range of values is from −6.51 to 125 (no-crossflow, uL=90°,

uR=90°, S=5D, H=3D, Re=105000).

5. CONCLUDING REMARKS

A theoretical study has been undertaken to determine the flow characteristics associated with
a three-dimensional turbulent incompressible impinging twin-jet with ground effect. The
principal emphasis has been on gaining an understanding of the interaction of an impinging
twin-jet flow on a simulated fuselage undersurface.

The calculated results show that the depth of the y-axis has a strong influence on the
recirculation zone, the pressure distributions of the lower and upper plates, and on the lift of
the flow. With the completion of a predictive scheme for the incompressible impinging jet, the
analysis will be extended to multiple-jet three-dimensional flow problems using the PHOEN-
ICS code.

The three-dimensional impinging twin-jet flow treated in the present paper can be character-
ized by ten regions (see Section 1). The recirculation zones of three-dimensional impinging
twin-jet flow with no-crossflow are produced from the upper plate. The recirculation zones are
closed to the main nozzle jet and gradually spread over the ground surface when it is further
up the upper plate. Such an analysis should provide a more detailed insight into the
propulsion-induced flows around practical V/STOL aircraft.

APPENDIX A. NOMENCLATURE

empirical constants in turbulence modelC1, C2, Cm

D inlet width of exhaust nozzles
mass flow rate of control surfaceF
height of jet exit plane above groundH

J total net flux of control surface
turbulent kinetic energyk
static pressureP

Re Reynolds number
space of exhaust nozzles or source termS
velocity component in the x-directionu

6 velocity component in the y-direction
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Vj exit velocity of nozzle jet
velocity component in the z-directionw

Greek letters
o turbulent kinetic energy dissipation rate

molecular kinematic viscositynl

ne effective kinematic viscosity
turbulent kinematic viscositynt

effective transfer coefficient for diffusionGf
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Plate 1. Mean velocity vector of upper and lower plates.
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Plate 2. Mean velocity vector of cutted planes A1–A1, A2–A2, and A3–A3.

Plate 3. Mean velocity vector of cutted planes B1–B1, B2–B2, and B3–B3.
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