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1. Introduction 

The concept of enhanced heat transfer and flow mixing using swirling jets has been 

investigated for nearly seven decades (Burgers, 1948; Watson and Clarke, 1947). Many 

practical applications of swirling jets include combustion, pharmaceuticals, tempering of 

metals, electrochemical mass transfer, metallurgy, propulsion, cooling of high-power 

electronics and computer chips, atomization, and the food industry, such as improved pizza 

ovens. Recently, swirling jet models have been applied to investigate heat transfer and flow 

mixing in nuclear reactors, including the usage of swirling jets in the lower plenum (LP) of 

generation-IV very high temperature gas-cooled reactors (VHTRs) to enhance mixing of the 

helium coolant and eliminate the formation of hot spots in the lower support plate, a safety 

concern (Johnson, 2008; Kim, Lim, and Lee, 2007; Laurien, Lavante, and Wang, 2010; 

Lavante and Laurien, 2007; Nematollahi and Nazifi, 2007; Rodriguez and El-Genk, 2008a, b, 

c, and d; Rodriguez, Domino, and El-Genk, 2010; Rodriguez and El-Genk, 2010a and b; 

Rodriguez and El-Genk, 2011). 

There are many devices and processes for generating vortex fields to enhance flow mixing 

and convective heat transfer. Figure 1 shows a static helicoid device that can be used to 

generate vortex fields based on the swirling angle, θ. Recent advances in swirling jet 

technology exploit common characteristics found in axisymmetric vortex flows, and these 

traits can be employed to design the vortex flow field according to the desired applications; 

among these are the degree of swirl (based on the swirl number, S) and the spatial 

distributions of the radial, azimuthal, and axial velocities.  

For a 3D helicoid, the vortex velocity in Cartesian coordinates can be approximated as: 

 o o o oV (x,y,z) = u sin(2πy)i - u sin(2πx)j + w k
  

  (1) 

For a jet with small radius r, the above velocity distribution can be represented in cylindrical 

coordinates as 

 oθv (r) = u sin(πr)    (2) 
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and 

 z ow (r) = w .  (3) 

Whereas there are about a dozen or so definitions of the swirling number S, we define it as a 
pure geometric entity, consistent with various investigators in the literature (Arzutug and 
Yapici, 2009; Bilen et al. 2002; Kerr and Fraser, 1965; Mathur and MacCallum, 1967): 

 ( )
2

S = tan θ
3

   (4) 

 

 

Fig. 1. Helicoid swirl device and associated velocity distribution 

 

 

Fig. 2. Comparison of conventional vs. swirling jet velocity streamlines 
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Increasing S has been shown to increase the entrainment of the surrounding fluid (Ke) 
linearly (Kerr and Fraser, 1965) as: 

 eK  = 0.35 + 1.4S .   (5) 

As a result of the increased entrainment, mixing, and turbulence, a swirling jet has a wider 
core diameter than a conventional impinging jet, as shown in Figure 2. Further, the 
azimuthal velocity of the helicoid vortex increases as S increases,  

 ,0

1
0 2

2

v 1
 = 

V
4

1 + 
9S

θ

 
 
 

    (6) 

while the axial velocity decreases (Rodriguez and El-Genk, 2010b), 

 z,0
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w 2 1
= .

V 3S
4

1 + 
9S

 
 
 

   (7) 

V0 is the velocity at the jet exit when no swirling occurs (conventional jet). 

2. Vortex modeling 

For this discussion, the broad field of turbulent vortex flows is narrowed down to swirling 
Newtonian fluid jets that are axisymmetric and incompressible. These vortices have been 
studied in many coordinates. A rather “unnatural” selection is Cartesian coordinates, as the 
flow field rotates about the axisymmetric axis, which is generally selected as the z 
coordinate. Therefore, the axisymmetric vortex flow is symmetric about the z axis as the 
flow rotates in the azimuthal direction, and continues to expand in the z direction.  
As noted in Figure 2, both impinging and swirling jets have the same source diameter and 
expand into an open domain. While the conventional jet experiences no azimuthal rotation, 
the swirling jet with θ = 45º has a strong rotational flow component. Note that the swirling 
jet has a wider jet core diameter, a higher degree of entrainment of surrounding fluid, and 
its azimuthal rotation causes more fluid mixing than the conventional impinging jet. 
Because part of the axial momentum in the swirling jet is converted to azimuthal 
momentum, the axial velocity component decays much faster than for the conventional jet. 
Vortex research in Cartesian coordinates includes the Green-Taylor vortex (Taylor and 
Green, 1937) and the helicoid vortex discussed herein (Rodriguez and El-Genk, 2008a, 2010b 
and d). Various researchers selected spherical coordinates (Gol’Dshtik and Yavorskii, 1986; 
Hwang and Chwang, 1992; Tsukker, 1955), but the vast majority of the research found in the 
literature is in cylindrical coordinates (Aboelkassem, Vatistas, and Esmail, 2005; Batchelor, 
1964; Burgers, 1948; Chepura, 1969; Gortler, 1954; Lamb, 1932; Loitsyanskiy, 1953; 
Martynenko, 1989; Newman, 1959; Rankine, 1858; Rodriguez and El-Genk, 2008a, 2010b and 
d; Sullivan, 1959; Squire, 1965). Cylindrical coordinates are chosen primarily due to its 
geometric simplicity and excellent mapping of the vortex behavior onto a coordinate 
system—in particular, as a 3D vortex spins azimuthally, stretching about the z axis, the 
vortex velocity field engulfs a cylindrical geometry. Certainly, conical coordinates could be 
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used, but they are not as convenient to manipulate mathematically. Indeed, as the vortex 
expands, forming a 3D cone, care needs to be taken such that the swirl field is not so large 
that it generates a field with an angle that is larger than the conical coordinate system. 
Consider a cylindrical coordinate system with r, θ, and z as the radial, azimuthal, and axial 
components, as defined in Figure 1. For 3D, steady state, negligible gravitational effect, 
incompressible, Newtonian fluids with symmetry about the z axis (axisymmetry), the 
momentum and conservation of mass equations are given as: 

 
2 2 2

2 2 2

v 1 1r pu u u u u u
u w

r r z r r r r r z

 ∂∂ ∂ ∂ ∂ ∂
− + = − + ν + − + 

∂ ∂ ρ ∂ ∂ ∂ ∂ 
   (8) 

 
2 2

2 2 2

v v v v 1 v v vu
u w

r r z r r r r z

 ∂ ∂ ∂ ∂ ∂
+ + = ν + − + 

∂ ∂ ∂ ∂ ∂ 
  (9) 

 
2 2

2 2

1 1pw w w w w
u w

r z z r r r z

 ∂∂ ∂ ∂ ∂ ∂
+ = − + ν + + 

∂ ∂ ρ ∂ ∂ ∂ ∂ 
  (10) 

 0
u u w

r r z

∂ ∂
+ + =

∂ ∂
  (11) 

An inspection of the literature over the past 150 years shows that the above equations are 
generally the departure point for generating analytic solutions for axisymmetric swirling 
flows (vortices) (Aboelkassem, Vatistas, and Esmail, 2005; Batchelor, 1964; Burgers, 1948; 
Chepura, 1969; Gortler, 1954; Lamb, 1932; Loitsyanskiy, 1953; Martynenko, 1989; Newman, 
1959; Rankine, 1858; Rodriguez and El-Genk, 2010b; Sullivan, 1959; Squire, 1965). 

3. Helicoid swirl modeling 

Helicoids for the generation of swirling-flow fields may be produced by various methods. 
One method is via a geometrical specification of a static, swirl device that consists of 
helicoidal surfaces, and another is a mathematical description of a swirl boundary condition 
(BC) that reproduces the flow field. It has been reported in the literature and confirmed 
herein that if a computational fluid mechanics (CFD) code does not have a swirl boundary 
option, it would be customary to develop the geometry for a swirl device and then mesh it 
(Duwig et al. 2005; Fujimoto, Inokuchi, and Yamasaki, 2005; Garcia-Villalba, Frohlich, and 
Rodi, 2005; Rodriguez and El-Genk, 2008a, b, c, and d; Rodriguez, Domino, and El-Genk, 
2010; Rodriguez and El-Genk, 2010a and b; Rodriguez and El-Genk, 2011). Several static 
swirl devices are shown in Figure 3 (Huang, 1996; Huang and El-Genk, 1998; Larocque, 
2004; Rodriguez and El-Genk, 2010a and b; Rodriguez and El-Genk, 2011). The swirl device 
considered in this chapter consists of a sharp cone that surrounds four helical surfaces off-
set by 90° and spiral symmetrically around the cylinder (Figure 4, LHS). Because the 
swirling device is static, the fluid flows around the helicoid surfaces, producing a swirling 
motion as it travels around the surfaces. 
Deciding on a particular swirl angle a priori for the swirling device, and then meshing its 
geometry, is computationally-intensive and time consuming, not to mention that it is a 
tedious, error-prone, and expensive process. Instead, as will be shown a posteriori, having a 
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closed form, mathematical formulation for the swirling field not only simplifies the 
computation requirements but also yields significant insights concerning the behavior of the 
velocity fields and their impact on heat transfer. 
 

       

Fig. 3. Various Swirl Devices Found in the Literature (Huang, 1996; Huang and El-Genk, 
1998; Larocque, 2004; Rodriguez and El-Genk, 2010a and b; Rodriguez and El-Genk, 2011) 

 

 

Fig. 4. Comparison of Geometric and BC Swirl Models 

Now, once a mathematical swirl formulation is derived, it is a straightforward matter to apportion the 
jet velocity fields such that a given swirl angle is uniquely specified (Equations 4, 6, and 7). As a 
result, a mathematically-generated velocity field with no helicoid surfaces (i.e. just swirl BCs) 
can very closely approximate the swirl fields of the geometric helicoid devices shown in Figure 
1. To demonstrate this, two meshes are shown: one with a geometric swirl device and the other 
with swirl BCs (see Figure 4). The CFD computation for both meshes has the same S. 
A comparison of both models shows that the total velocity vector streamlines are essentially 
indistinguishable, as shown in Figure 5. The azimuthal velocity compared in Figure 6, again 
shows that the velocity streamlines are fairly identical. This methodology results in 
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significant savings in the meshing and computational effort, especially because the helicoid 
geometry requires finite elements that are about four times smaller than the rest of the 
model, and further, the time step is dominated by the smallest finite element.  
 

 

Fig. 5. Comparison of the Geometric and BC Swirl Models: U + V + W Streamlines 

 

 

Fig. 6. Comparison of the Geometric and BC Swirl Models: Azimuthal Velocity Streamlines 
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4. Swirling jet strongest domain 

The results of CFD calculations with swirl BCs agree with both theory and experimental 
data for weak to intermediate S, showing that the peak azimuthal velocity vθ decays as 1/z2, 
while the peak axial velocity w decays as 1/z (Blevins, 1992; Billant et al. 1998; Chigier and 
Chervinsky, 1967; Gortler, 1954; Loitsyanskiy, 1953; Mathur and MacCallum, 1967). This 
issue, defined as “swirl decay”, was first reported by Loitsyanskiy. In particular, as z 
becomes large, the peak azimuthal velocity decays much faster. That is, 

 1C
w =

z
    (12) 

and 

 2
θ 2

C
v  = 

z
.  (13) 

Based on a curve-fit of the reported data in the literature (Blevins, 1992), it is possible to 

obtain C1 = 3 2-2.6S +12S +19S+12 , while the reported value in the literature for C2 ~ 4 to 11, 

and may be a function of S (Blevins, 1992).  

Because the azimuthal velocity for a swirling jet decays faster than the axial velocity, there is 

a point, z*, where for z ≤ z*, w ≤ vθ. Setting z = z* and solving for ( ) ( )* *
θv z =w z , yields: 

 2 2
3 2

1

C C
z* =  = 

C -2.6S +12S +19S+12
    (14) 

Clearly, the magnitude of z* that maximizes the azimuthal momentum vs. the axial 
momentum depends strongly on the value of S. For example, for S = 0.2 and 0.6, z* = 1.3 and 
2.6, respectively. Therefore, if the purpose is to optimize the flow mixing and convective 

heat transfer caused by swirl, a guideline is to have w ≤ vθ, such that Equation 14 is satisfied. 
 

 

Fig. 7. Fast Decay of the Azimuthal Velocity 
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A consequence of the azimuthal rotation is that swirling jets experience swirl decay (see 
Figure 7). Therefore, there is a point beyond which the azimuthal velocity will decay to a 
degree whereby it no longer significantly impacts the flow field. This factor is crucial in the 
design of swirling jets, and in any applications that employ swirling jets for enhancing heat 
and mass transfer, combustion, and flow mixing. 

5. Impact of S on the Central Recirculation Zone  

As the azimuthal velocity increases and exceeds the axial velocity, a low pressure region 
prevails near the jet exit where the azimuthal velocity is the highest. The low pressure 
causes a reversal in the axial velocity, thus producing a region of backflow. Because the 
azimuthal velocity forms circular planes, and the reverse axial velocity superimposes onto 
it, the net result is a pear-shaped central recirculation zone (CRZ). From a different point of 
view, for an incompressible swirling jet, as S increases, the azimuthal momentum increases 
at the expense of the axial momentum (see Equations 6 and 7). This is consistent with the 
data in the literature (Chigier and Chervinsky, 1967). 
The CRZ formation results in a region where vortices oscillate, similar to vortex shedding 
for flow around a cylinder. The enhanced mixing associated with the CRZ is attributable to 
the back flow in the axial direction; in particular, the back flow acts as a pump that brings 
back fluid for further mixing. The CRZ vortices tend to recirculate and entrain fluid into the 
central region of the swirling jet, thus enhancing mixing and heat transfer within the CRZ.  
 

 

Fig. 8. Effect of Swirl Angle on the Azimuthal Velocity 

The Fuego CFD code was used to compute the flow fields shown in Figures 8 through 10 
(Fuego, 2009). Figure 8 shows the effect of the swirl angle on the azimuthal flow for an 
unconfined swirling jet. Figure 9 shows the velocity vector, azimuthal velocity, and the axial 
velocity for a weak swirl, while Figure 10 shows the same, but for moderate to strong swirl. 
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Note the dramatic changes that occur in the axial and azimuthal velocity distributions as the CRZ 
forms—the most significant change occurs in the z-direction, which is the axis normal to the jet flow. 
For example, for θ = 40º (no CRZ), the maximum azimuthal velocity at the bottom of the domain 
along the z axis is 15 m/s. But, when the CRZ forms at θ = 45º, the maximum azimuthal velocity is 
essentially 0. The same effect can be observed for the axial velocity for pre- and post-CRZ velocity 
distributions. Note that the region near the bottom of the z-axis for θ = 45º forms a stagnant 
cone that is surrounded by azimuthal flow moving around the cone at ~15 m/s, and 
likewise for the axial velocity. 
 

 

Fig. 9. Various Velocities for a Small Swirl Angle 

 

 

Fig. 10. Various Velocities for Moderate to Strong Swirl Angle 
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From Figure 10, it is quite evident that the CRZ acts as a “solid” body around which the 
strong swirling jet flows. This is important, as the CRZ basically has two key impacts on the 
flow domain: 1) it diminishes the momentum along the flow axis and 2) both the axial and 
azimuthal velocities drop much faster than 1/z and 1/z2, respectively. Therefore, whether a 
CRZ is useful in the design problem or not depends on what issue is being addressed. In particular, if 
it is desirable that a hot fluid be dispersed as rapidly as possible, then the CRZ is useful because it 
more rapidly decreases the axial and azimuthal velocities of a swirling jet. However, if having a large 
conical region with nearly zero axial and azimuthal velocity is undesirable, then it is recommended 
that S < 0.67. In the case of the VHTR, the support plate temperatures decrease as S 
increases; an S = 2.49 results in the lowest temperatures. 

6. Impact of Re and S on mixing and heat transfer  

In this section, two models are discussed in order to address this issue: (1) a cylindrical 
domain with a centrally-positioned swirling air jet and (2) a quadrilateral domain with six 
swirling jets. The single-jet model and its results are presented first, followed by the six-jet 
model discussion and results. 
 

 

Fig. 11. Cylinder with a Single Swirling-Jet Boundary 

Both models are run on the massively-parallel Thunderbird machine at Sandia National 
Laboratories (SNL). The initial time step used is 0.1 μs, and the maximum Courant-Friedrichs-
Lewy (CFL) condition of 1.0, which resulted in a time step on the order of 1 μs. The 
simulations are typically run for about 0.05 to several seconds of transient time. Both models 
are meshed using hexahedral elements with the CUBIT code (CUBIT, 2009). The temperature-
dependent thermal properties for air are calculated using a CANTERA XML input file that is 
based on the Chapman-Enskog formulation (Bird, Steward, and Lightfoot, 2007). Finally, both 
models used the dynamic Smagorinsky turbulence scheme (Fuego, 2009; Smagorinsky, 1963). 
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Fig. 12. Impact of Re and θ on Azimuthal Velocity Field 
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The single-jet computation domain consisted of a right cylinder that enclosed a centrally-
positioned single, unbounded, swirling air jet (Figure 11). The meshed computational 
domain consisted of 1 million hexahedral elements. The top surface (minus the jet BC) is 
modeled as a wall, while the lateral and bottom surfaces of the cylindrical domain are open 
boundaries. 
Figure 12 shows the effect of the swirl angle and Reynolds number (Re) on the azimuthal 
velocity field for θ = 15, 25, 35, 50, 67, and 75º (S =0.18, 0.31, 0.79, 1.57, and 2.49, 
respectively). Re was 5,000, 10,000, 20,000, and 50,000. For fixed S, as Re increases the 
azimuthal velocity turbulence increases, and the jet core becomes wider. For a fixed Re, as S 
increases the azimuthal velocity increases. The figure also shows the strong impact the CRZ 
formation has on how far the swirling jet travels before it disperses. Thus, as soon as the CRZ 
appears, the azimuthal velocity field does not travel as far, even as Re is increased substantially. In 
other words, although Re increased 10-fold as shown in the figure, its impact was not as great on the 
flow field as that of S once the CRZ developed. 
The computational mesh used for the quadrilateral 3D domain for the six circular, swirling 
air jets is shown in Figure 13. The air temperature and approach velocity in the z direction 
for the jets was 300 K and 60 m/s. The numerical mesh grid in the computation domain 
consisted of 2.5x105 to 5x106 hexahedral elements. 
 

 

Fig. 13. Quadrilateral with Six Swirling-Jet Boundaries 

The top surface of the domain (minus the jet BCs) is adiabatic. The lateral quadrilateral sides 
are open boundaries that permit the air to continue flowing outwardly. The bottom of the 
domain is an isothermal wall at 1,000 K. The swirling air flowing out the six jets eventually 
impinges the bottom surface, thereby transferring heat from the plate. The heated air at the 
surface of the hot plate is entrained by the swirling and mixing air above the plate. The 
calculations are conducted for θ = 0 (conventional jet), 5, 10, 15, 20, 25, 50, and 75º (S = 0, 
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0.058, 0.12, 0.18, 0.24, 0.31, 0.79, and 2.49, respectively). With the exception of varying the 
swirl angle, the calculations used the same mesh (L/D=3), Fuego CFD version (Fuego, 2009), 
and input. A similar set of calculations used L/D=12. 
 

 

Fig. 14. Temperature Bin Count for All Elements with L/D = 12 Mesh 

 

 

Fig. 15. Temperature Bin Count for All Elements with L/D = 3 Mesh 
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As a way to quantify S vs. cooling potential, all the hexahedral elements cell-averaged 
temperatures are grouped according to a linear temperature distribution (“bins”). The 
calculated temperature bins presented in Figures 14 and 15 show that at a given L/D and for 
S in a certain range, there are a higher number of hotter finite elements in the flow field. This 
is indicative of the swirling jet enhanced heat transfer ability over a conventional impinging 
jet to remove heat from the isothermal plate. For example, Figure 14 shows that for L/D = 
12, and S ranging from 0.12 to 0.31, the swirling jets removed more heat from the plate, and 
thus are hotter than the impinging jet with S = 0. Additionally, the best cooling is achievable 
when S = 0.18. However, Figure 15 shows that for L/D = 3, and S ranging from 0.12 to 0.79, 
the swirling jets removed more heat from the plate, and are thus hotter than the impinging 
jet with S = 0. The best swirling jet cooling under these conditions is when S = 0.79. The 
results confirmed that for S ≤ 0.058, the flow field closely approximates the flow field for an 
impinging jet, S = 0, with insignificant enhancement to the heat transfer. 
 

 

Fig. 16. Velocity Flow Field for the Mesh with L/D = 3 and S = 0.79. Top Image: Domain 
View of Top; Bottom Image: Domain Cross-Section 

The back flow zone manifested as the CRZ appears to enhance the heat transfer compared to 
the swirling flow with no CRZ, as evidenced by the multiple-jet calculations shown in 
Figures 14 and 15. As noted previously, the azimuthal velocity of the swirling jet decays as 
1/z2. Therefore, the largest heat transfer enhancement of the swirling occurs within a few jet 
diameters as evidenced by the results in Figures 14 and 15.  
It is not surprising that the multiple swirling jets enhance cooling of the bottom isothermal 
plate only when the azimuthal velocity has not decayed before reaching the intended target 
(i.e. the isothermal plate in this case). The calculated velocity field for the swirling jet for 
L/D = 3 and S = 0.79 is shown in Figure 16. The upper insert in Figure 16 shows the velocity 
distribution at the top of the computation domain near the nozzle exit, while the bottom 
insert shows a cross-section view of the domain. The circulation roles appear as a result of 
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the interaction of the flow field by the multiple jets, rather than the value of S (the roles for S 
= 0.0 are very similar to those for S = 0.79). Note that the flow field shows that the jets 
impinge on the isothermal plate at velocities ranging from 25 to 35 m/s, which is a 
significant fraction of the initial velocity of 60 m/s. Thus, the azimuthal momentum is 
significant, inducing significant swirl that results in more mixing and therefore more cooling 
of the plate. 
 

 

Fig. 17. Azimuthal Flow Field for S = 0.79. Top Image: L/D = 3; Bottom Image: L/D = 12 

The high degree of enhanced cooling and induced mixing by swirling jets can be better 

understood by comparing the azimuthal flow fields shown in Figure 17 for S = 0.79 (the top 

has L/D = 3 and the bottom has L/D = 12). Note that for L/D = 3, the azimuthal velocity is 

approximately 25 to 35 m/s by the time it reaches the isothermal plate, but for the case with 

L/D = 12, the azimuthal velocity at the isothermal plate is 15 to 25 m/s.  The calculated 

temperature field for S = 0.79 and L/D = 3 is shown in Figure 18. Thus, because the 

azimuthal velocity decays rapidly with distance from the nozzle exit, the value of L/D 

determines if there will be a significant azimuthal flow field by the time the jet reaches the 

isothermal bottom plate. Therefore, smaller L/D results in more heat transfer enhancement 

as S increases. 

Results also show that the swirling jet flow field transitions to that of a conventional jet 

beyond a few jet diameters. For example, according to weak swirl theory, at L/D = 10, the 

swirling jet’s azimuthal velocity decays to ~1% of its initial value, so the azimuthal 

momentum becomes negligible at this point; instead, the flow field exhibits radial and axial 

momentum, just like a conventional jet. Therefore, a free (unconstrained) swirling jet that 

becomes fully developed will eventually transition to a conventional jet, which is consistent 

with the recent similarity theory of Ewing (Semaan, Naughton, and Ewing, 2009). Clearly, 
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then, the advantages offered by the swirl are only available within a few jet diameters from 

the nozzle exit, depending on the value of S and Re. 

 

 

Fig. 18. Temperature Field for the Mesh with L/D = 3 and S = 0.79. Top Image: Domain 
View of Top; Bottom Image: Domain Cross-Section 

7. Multiphysics, advanced swirling-jet LP modeling 

For another application of swirling jets, calculations are performed for the LP of a prismatic 

core VHTR. The helium gas flowing in vertical channels cools the reactor core and exits as 

jets into the LP. The graphite blocks of the reactor core and those of the axial and radial 

reflectors are raised using large diameter graphite posts in the LP. These posts are 

structurally supported by a thick steel plate that is thermally insulated at the bottom. The 

issue is that the exiting conventional hot helium jets could induce hot spots in the lower 

support region, and together with the presence of the graphite posts, hinder the helium gas 

mixing in the LP chamber (Johnson and Schultz, 2009; McEligot and McCreery, 2004).  

The performed calculation pertinent to these critical issues of operation safety of the VHTR 
included the following: 

• Fuego-Calore coupled code, 

• Helicoid vortex swirl model, 
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• Dynamic Smagorinsky large eddy simulation (LES) turbulence model, 

• Participating media radiation (PMR), 

• 1D conjugate heat transfer (CHT), and 

• Insulation plate at the bottom of the LP. 
The PMR model calculates the impact of radiation heat transfer for the high temperature 
helium gas behavior as a participating media. For the CHT, it is assumed that the LP wall 
conducts heat, which is subsequently removed by convection to the ambient fluid. 
The full-scale, half-symmetry mesh used in the LP simulation had unstructured hexahedral 

elements and accounted for the graphite posts, the helium jets, the exterior walls, and the 

bottom plate with an insulating outer surface (Allen, 2004; Rodriguez and El-Genk, 2011). 

The impact of using various swirl angles on the flow mixing and heat transfer in the LP is 

investigated. For these calculations, the exit velocity for the conventional helium jets in the 

+z direction is V0 = 67 m/s. The emerging gas flow from the coolant channels in the 

Cartesian x, y, and z directions has vx, vy, and vz velocity components, respectively, whose 

magnitude depends on the swirl angle of the insert, θ, placed at the exit of the helium 

coolant channels into the LP. The initial time step used is 0.01 μs, and the simulation 

transient time is five to 25 s, with the CFL condition set to 1.0. In three helium jets (used as 

tracers), the temperature of the exiting helium gas is set to 1,473 K in order to investigate 

their tendency to form hot spots in the lower support plate and thermally-stratified regions 

in the LP; the exiting helium gas from the rest of the jets is at 1,273 K (Rodriguez and El-

Genk, 2011). For these calculations S = 0.67. 

Figure 19 shows key output from the coupled calculation, including the velocity streamlines 

(A), plate temperature distribution (B), fluid temperature as seen from the top (C), and fluid 

temperature shown from the bottom side (D). At steady state, Re in the LP ranges from 500 

to 35,000. The lower RHS region in the LP experiences the lowest crossflow (Re ~ 500), as 

shown in Figure 19A. As a consequence of the low crossflow, the hot helium jet that exists 

strategically in that vicinity is able to reach the bottom plate with higher temperature 

(Figure 19B, RHS) than the other two tracer hot channels (LHS) that inject helium onto 

regions with much higher crossflow (Rodriguez and El-Genk, 2011). Consequently, Figure 

19C shows that these two jets are unable to reach the lower plate. This is a basic effect of 

conventional jets in crossflow (Blevins, 1992; Chassaing et al., 1974; Goldstein and 

Behbahani, 1982; Kamotani and Greber, 1974; Kavsaoglu and Schetz, 1989; Kawai and Lele, 

2007; Kiel et al., 2003; Patankar, Basu, and Alpay, 1977; Rivero, Ferre, and Giralt, 2001; Sucec 

and Bowley, 1976; Nirmolo, 1970; Pratte and Baines, 1967), and swirling jets in crossflow 

(Denev, Frohlich, and Bockhorn, 2009; Kamal, 2009; Kavsaoglu and Schetz, 1989): the higher 
the ratio of crossflow velocity to the jet velocity, the faster the jet will bend in a parabolic profile. 

Figure 19D shows the fluid temperature as seen from the bottom.  
Figure 20 shows the velocity threshold for the three hot tracer helium flow channels. The 
results confirm that despite the fact that there are a total of 138 jets in the half-symmetry 
model of the VHTR LP, each jet follows a rather narrowly-defined path that widens two to 
seven times the initial jet diameter, and follows the classic parabolic trajectory of a jet in 
crossflow. Figure 21 shows the fluid temperature (based on thresholds) for the hot helium 
tracer channels. Due to the induced mixing, the helium gas temperature drops ~ 100 K 
within a few jet diameters from the channel exit. These figures allow the systematic tracing 
of velocity and temperature profiles of the three selected jets, without obstruction from other 
adjacent, cooler jets. 
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Fig. 19. Fuego-Calore Output Showing: (A) Velocity Streamlines. (B) Plate Temperature 
Distribution, (C) Volume Rendering of Fluid Temperature, and (D) Fluid Temperature at the 
Bottom Side 

Calculations with S ranging from 0 to 2.49 were also conducted (Rodriguez and El-Genk, 2011). 
Note that for low S, there is less mixing in the region adjacent to the jet exit, but the jet is able to 
reach the bottom plate. Conversely, for higher S, there is more mixing near the jet exit, but 
significantly less of the jet’s azimuthal momentum reaches the bottom plate. For a sufficiently large S 
and tall LP, the azimuthal momentum decays before reaching the bottom plate. The optimal height for 
swirling jets (with no crossflow) can be calculated via z*, as discussed in Section 4.  
Figures 20 and 21 indicate that the jet penetration in the axial direction is a strong function of the 
crossflow.  So, the lower the crossflow (RHS of said figures), the deeper the jets are able to penetrate, 
and vice-versa (LHS of said figures). Therefore, due to swirl decay and crossflow issues, S needs to be 
adjusted according to the local flow field conditions and desired LP height. 
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Fig. 20. Velocity Threshold for the Three Hot Channels 

 

 

Fig. 21. Temperature Threshold for the Three Hot Channels 

Figure 22 shows the bottom plate temperature. Note that the higher temperatures occur in 
areas of the LP where the helium gas jets are able to reach the bottom. Thus, the peak 
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temperature corresponds to the jet that impinges onto the region with the lowest Re 
(opposite end of the LP outlet). Figure 23 shows the convective heat transfer coefficient, h. 
Its magnitude is small, comparable to that of forced airflow at 2 m/s over a plate (Holman, 
1990). Because the relatively low jet velocity near the LP bottom plate (0 - 20 m/s), the 
values for h ~ 2 to 12 W/m2K are reasonable. Note that h is zero (of course) in the region 
occupied by the support posts (shown as the large, dark blue circles). 
 

 

Fig. 22. Bottom Plate Temperature 

 

 

Fig. 23. Bottom Plate Heat Transfer Coefficient 

The above figures confirm that swirling jets can mitigate thermal stratification and the 
formation of hot spots in the lower support plate in the VHTR LP. The mitigation of those 
two issues is achievable by adding swirl inserts at the exit of the helium coolant channels in 
the VHTR core, slightly increasing the pressure drop in the channels and across the LP. An 
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inspection of the pressure drop caused by the static helicoid device on a single, standalone helicoid 
shows that there was a relatively small drop of approximately 1,000 Pa (0.15 psi), as shown in Figure 
24. This result is consistent with those found in the literature for hubless swirlers (Mathur and 
MacCallum, 1967). Given the benefits related to enhanced mixing and turbulence gained as a result 
of the swirling device, such small pressure drop is clearly justified. 
 

 

Fig. 24. Net Pressure Drop Across Helicoid Geometry 

8. Conclusion 

A helicoid vortex swirl model, along with the Fuego CFD and Calore heat transfer codes are 

used to investigate mixing and heat transfer enhancements for a number of swirling jet 

applications. Critical parameters are S, CRZ, swirl decay, jet separation distance, and Re. As 

soon as the CRZ forms, the azimuthal velocity field for the swirling jets does not travel as 

far, even when Re increases substantially. For example, once the CRZ develops, a 10-fold 

increase in Re has a smaller impact on the flow field than S. 

Knowing at a more fundamental level how vortices behave and what traits they have in 

common allows for insights that lead to vortex engineering for the purpose of maximizing 

heat transfer and flow mixing. Because the CRZ is a strong function of the azimuthal and 

axial velocities, shaping those velocity profiles substantially affect the flow field. 

As applications for the material discussed herein, simulations are performed for: (1) 

unconfined jet, (2) jets impinging on a flat plate, and (3) a VHTR LP. The calculations show 

the effects of S, CRZ, L/D, swirl decay, and Re. For the VHTR LP calculations, results 

demonstrated that hot spots and thermal stratification in the LP can be mitigated using 

swirling jets, while producing a relatively small pressure drop. 
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