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Abstract

On the basis of the analysis of numerical simulation methods for the complicated domain between tube bundles, an im-

proved Lagragian discrete vortex method (DVM) and corresponding algorithm are put forward to solve the practical difficulties of flow

across tube bundles. With this method the amount of vortices can be reduced considerably, which makes quick calculation possible. Ap-

plied to the practical configuration of horizontal tube bundles, the DVM simulation is carried out and compared with the experimental re-

sults. Both the transient flow field and the profile of mean velocity and fluctuations are in good agreement with experimental results, which

indicate that the DVM is suitable for the simulation of single-phase flow across tube bundles.
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The flow across tube bundles is of three-dimen-
sional unsteady turbulent shear flow which is applied
widely in industry. Numerical simulation is a power-
ful tool to investigate this kind of problem. Up to
now most of the engineering computations employ the
Eulerian Reynolds equation, and turbulence models
are introduced to close the equations. This method
has fatal shortcomings: firstly, time averaging oblit-
erates details of fluctuations and results in remarkable
loss of turbulence fluctuation information, therefore
excludes transient vortex structures and ignores the
practical physical process of intensive eddy area'’;
secondly, each kind of turbulence model has its own
limitation and defect, for example dependence on ex-
perimental data and imprecise prediction, so the
achievement of instantaneously accurate turbulence
characteristics becomes very difficult. In addition, in
the numerical simulation the finite difference or finite
element methods are employed. Then researchers
have to confront with the additional work of grid gen-
eration to fit the complicated geometry domain in or-
der to obtain satisfactory spatial resolution in different
regions such as potential flow, boundary layer, sepa-
rate flow and wake flow. Meanwhile the multitudi-
nous grid number also considerably influences compu-
tation efficiency.

There are two ways to solve this problem. One is
direct numerical simulation (DNS), the most accu-
rate way to study turbulent flow. In this approach the
flow field is solved directly from the Navier-Stokes e-
quations and no averaging or turbulence modeling is
applied. Thus only the numerical methods affect the
accuracy of the solution. One of the drawbacks of
DNS is that it requires high order numerical methods
and a huge amount of computer capacity that it is not
adaptable for engineering type flows. The main diffi-
culty is that all dynamically significant scales of mo-
tion must be accounted for including everything from
the large integral scale to dissipative scale ( Kol-
mogorov scale). As Reynolds’ number grows, the
Kolmogoroff turbulent scales are much smaller. Thus
smaller eddies will be present in the flow field and the
affordable time-step and mesh-space should be able to
capture these smallest scales of motion. In general,
the computing resources required are proportional to
the Reynolds number raised to the 9/4 power. When
Reynolds number is higher, ordinary computers are
not sufficient for the DNS!.

Another promising approach to simulating un-
steady separate flow is the discrete vortex method
(DVM)[Z]. With this method a number of point vor-
tices are positioned into the potential flow field to
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characterize the continuously distributed vorticity.
Then the whole flow field can be obtained through
calculating the complicated evaluation of vortex shed-
ding, development and roll up. No turbulence model
is adopted, so the loss of fluctuation information is
avoided. Since the fluid movement is mimicked in a
Lagrangian way, the variables are not transported by
mesh, but advected through the changing of vortex
positions. Hence, mesh is not necessary and no artifi-
cial boundary conditions are introduced. One of the
advantages of the DVM is its ability to concentrate
computational effort in the areas of high vorticity gra-
dient, which is particularly suitable for simulations of
vorticity dominated flow, such as flow across tube
bundles. Besides the economization in computation,
another advantage of vortex method is the way in
which the initial vorticity is introduced. In Eulerian
calculations usually the start conditions already intro-
duce vorticity. A proper natural evaluation of the vor-
ticity however should start from zero to the flight-ve-
locity to simulate the time-dependent build-up of the
flow. Within the vortex approach, this is performed
by modeling the flow from the very beginning and
tracking a continuously developing vortex wake,
which is not bound by a computational domain or
grid. This eliminates the vortex diminishing effects
and does not require an initial introduction of vorticity
as found in Euler codes. When simulating separated
flows, we can introduce nascent vortices from separa-
tion points to the flow field conveniently. Therefore
DVM has considerable advantages in simulation of
high Reynolds separated flow. However, at the pre-
sent time DVM is still limited to relatively simple
(33, jet flow!*! and
It is rather difficult to apply

shear flow, such as mix layer flow
flow across cylinder[s].
DVM to a complicated domain between tube bundles
because of (1) Kelvin-Holmholtz instability and
chaotic movement due to huge amount of vortices;
(2) the difficulty for it to represent the bodies when
multi-obstacle exists in the flow field; (3) the diffi-
culty in accurate computation of separation points and
nascent positions; and (4) the lack of comparison be-
tween simulation and experimental data. In the pre-
sent study, DVM is investigated to seek a new way
for simulating the transient flow between tube bun-

dles.
1 DVM algorithm
1.1 Theory

In the discrete vortex method, unsteady incom-

pressible and viscid flow is described by vorticity ki-
netic and dynamic equations as follows:

o0

5% TV Ve = (e -VV+o Ve, (1)

stb =-w, (2)

where @, V, v and ¢ represent vorticity, velocity,
viscosity and stream function, respectively. Accord-
ing to Chorin'®!, the vorticity equation (1) is divided
into convection and diffusion parts and the two equa-
tions are solved sequentially:

Convection
2o = (VDo and Vs-e.3)
Diffusion

tg—‘:) = v Vo . (4)

I
The solution of the diffusion part is the famous Biot-
Savart Law. Based on this inviscid solution, the vis-
cous diffusion part can be simply simulated by the
random walk method'®’.

1.2 Application to tube bundles

The flow across tube bundles involves many
complex phenomena such as flow separation, evolu-
tion of shear layer, wake instability and interaction
between fluids and flow structure and so on. The
transient large vortex and mentioned historical effects
play very important roles on above phenomena in this
unsteady flow. As mentioned above, DVM is a pow-
erful tool to investigate this kind of transient flow but
has not ever been applied to the flow across tube bun-
dles. When DVM is implemented, the potential flow
is acquired first. The surface vortex method can be
used to approximate itl”). With regard to the discre-
tion of vorticity field, the Rankine vortex is selected
as the vortex element model, meanwhile the radius of
vortex element is calculated according to the Lamb-
Oseen vortex. The mixed vortex model is convenient
for the numerical computation, and viscous effect is
considered in the separation region.

2 Algorithm improvement of DVM

Based on the Lagrangian frame, DVM uses the
Biot-Savart law to determine the induced velocity of
each vortex element. No spatial grid is needed, so
numerical diffusion is avoided. However, the direct
sum should consider the interaction between each vor-
tex and the rest N — 1 ones. Therefore, each loop of
velocity computation requires an order of N? opera-
tions approximately. With the advance of time steps,
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the number of vortex elements will become extremely
huge, which will lead to a heavy load to programming
and computation. For instance, Van der Vegt et al. D
used 51000 vortex elements to calculate the flow
across a single cylinder. Skomdedal and Vadal®! used
15000 ~ 100000 elements to simulate single and dou-
ble cylinders. It can be imagined that the number of
vortex elements will be much larger in the flow be-
tween tube bundles because of the increase of separa-

tion.

In order to improve computation efficiency, the
vortex-in-cell (VIC) method is developed. The VIC
method is a hybrid Eulerian-Lagrangian approach, in
which the vorticity of the flow field is described by a
cloud of moving vortex elements. Velocity field is ob-
tained through the Poisson equation of stream func-
tion in the Eulerian way, and then vortex elements
are tracked in the Lagrangian way[9]. The advantage
of this approach is the high efficiency through the hy-
brid of Lagrangian and Eulerian superiority. Howev-
er, to calculate the stream function, the vorticity of
these discrete vortex elements has to be re-distributed
on a numerical grid through the area-weighted
method, with which the fundamental stream func-
tion-vorticity equation is solved (as shown in Fig.
1). Therefore,

method once again grid-independent, and numerical

it makes an otherwise grid-free

diffusion will certainly be introduced. Furthermore,
the traditional structured grid is not adapted to the
complicated domain between tube bundles. If the un-
structured grid is adopted, considerable error will be
introduced when calculating velocity from stream
function on the grid nod. At the same time, this er-
ror will be transferred to each vortex element through
the area-weighted method. Thus it can be seen that
the VIC is not promising to solve the problem with a
huge number of elements existing in the flow between
tube bundles.
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Fig. 1. Schematic of VIC.

From the literature about the application of
DVM to flow across single cylinder, it is found that
the reason for the huge number of vortex elements is
the method to determine the shedding vorticity from
the cylinder wall. At present the typical way is the
nascent vortex method proposed by Chorin'®. With
the approach new vortices are introduced from the
cylinder surface to satisfy the no-slip condition. The
cylinder wall is divided into many small sections. One
vortex is introduced on each section during each time
step, and the resultant induced velocity exactly coun-
teracts the tangential velocity of the wall. This
method is very simple and with a clear physical mean-
ing. It does not need to determine the separation
point which appears automatically in advance. How-
ever, the obvious disadvantage of this approach is that
many new vortices will be introduced to the flow field
during each time step, so the total number of vortices
will be very huge with time advancement.

Based on the analysis above, we can conclude
that the way to decrease the number of vortex ele-
ments is the way to change shedding vorticity from
the wall. If we can calculate the separation points ac-
curately and determine the position and strength of
nascent vortex, the number of vortex elements will be
decreased considerably, making quick computation of
the flow across tube bundles possible. In order to de-
termine the variable separation point and the interac-
tion between wake and mainstream, in the present
paper the Pohlhausen quasisteady state approxima-
is used to calculate the boundary layer during
each time step, then the vorticity is continuously shed
into the flow field from the separation point. The
nascent vortex is placed at a distance, &, from the
cylinder surface (with its image at the inverse point)
along the radial line passing through the separation
point. Assuming the zero slip velocity at the separa-
tion point, we can use the velocity at that point to
calculate the rate at which the vorticity is shed into
the wake from

AT = 0.5U2At, (5)
where AT refers to the shedding vorticity, U, is the
velocity at the separation point. Apparently, the ve-
locity, position and strength of nascent vortex, and
time interval are dependent on each other and cannot
be selected arbitrarily.

When this approach is adopted, only 400 ~ 500
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vortex elements are needed to construct a satisfactory
flow across a single cylinder. With the combination of
vortex amalgamation and elimination, the total num-
ber of vortex elements of flow across tube bundles can
be considerably decreased, and then quick computa-

tion is possible.
3 Results

The experiment was carried out on the transient
flow across tube bundles by PIV. In order to verify
the effectivity of the application of DVM to the nu-
merical simulation of flow across tube bundles, a
comparison between numerical simulation and experi-
mental results was conducted according to the experi-
mental conditions. The setup and parameters of the
test section can be found in Ref. [11].

The comparisons of local flow field in the wake
region of tube 1 and 2 at different flowrates are
shown in Figs.2 and 3, respectively. The left side of
the figures show the experimental results and the
right side indicate numerical simulation results. Since
both of the experiment and simulation are aimed at
transient situations, there are many results available
for comparison. However, only some typical results

"are shown here. The instantaneous measurement

technique of PIV can supply details of the flow, and
the Lagrangian DVM can mimic transient flow well,
which make the comparison possible. It can be seen
that the experimental results of vortex movement,
pairing and amalgamation agree well with those of the
simulation, which approves the effectivity of DVM
simulation of unsteady shear flow across tube bun-
dles. It is shown that the wake region of each tube is
similar to the flow across single cylinder, the vortices
shed into the wake flow alternatively, which is deter-
mined by the interaction of two separated shear lay-
ers. The shear layer on one side evolves to vortex and
it is enhanced by obtaining vorticity from the conjoint
layer until it is strong enough to attract the shear lay-
er of the other side. Then the vortex is cut down and
shed into the flow because of the opposite sign of the
two layers. In the wake region, the vortex structure
cannot fully develop under the depression of cylinders
existing downstream. Vortices pairing still appears
occasionally but is not continuous like a mixing layer.
The amalgamation of vortices is the main reason of
vortex development. The amalgamation means the re-
distribution of strength and position of wake vortici-

ty.
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Fig 2 Comparison of the local flow field in the wake region of tube 1.
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Fig. 3. Comparison of the local flow field in the wake region of tube 2.

Both of our experiment and simulation are tran-
sient, which means it is rather difficult to determine
the time correspondence to the experiment and simu-
lation. Therefore, the results are averaged to get the
mean velocity and fluctuations. Figs. 4 and 5 show
the distribution of the mean velocity and fluctuations
on cross sections behind tubes 1 and 2, where it is
two times the tube radius away from the tube center
at different flowrates. In the wake region, u'u’ is
symmetrical about the centerline of the wake with
two peaks. u'v’ is antisymmetrical about the center-

line of the wake with two peaks. The distribution of
v’v” is symmetrical about the centerline at which the
only peak appears. In the figure solid lines present
the results of numerical simulation, and the dotted
lines are experimental results. It can be seen that the
numerical simulation agrees well with the experimen-
tal results. Because of the limitation of experimental
condition, only 100 data were collected and the mini-
mum time interval was 0.1 s. Then average error
cannot be avoided.
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Distribution of niean velocity and fluctuations of tube 1.
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4 Conclusions

(1) A new model is put forward to apply the La-
grangian DVM to the complicated domain hetween
tube bundles, which overcomes the disadvantages of
the Eulerian model and provides a new method to
simulate the transient shear flow across tube bundles.

(2) The Lagrangian DVM is improved to solve
the practical difficulties of flow across tube bundles.
With the new approach, the amount of vortices is re-
duced considerably, which makes quick computation
possible.

(3) Applied to the practical configuration of hor-
izontal tube bundles, the DVM simulation is carried
out and compared with the experimental results.
With this approach the evolution of shear layer, phe-
nomena of vortices shedding, paring, amalgamation,
and development of the Karman vortex street can be
visualized clearly. Both the transient flow field and
the profiles of mean velocity and fluctuations are in
good agreement to the experimental results, which
indicates that the DVM presented by this paper is
suitable for the simulation of single-phase flow across
tube bundles.

Distribution of mean velocity and fluctuations of tube 2.
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