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Abstract

In this study laboratory experiments were performed by introducing
an essentially two-dimensional concentrated vortex which interacts with
a two-dimensional elliptical barrier resembling the general shape of the
island of Taiwan. Comparisons are made between the experimental
results and field data. It is found that the general behavior and the
accompanying surface flow patterns of a typhoon vortex, when interacting
with the mountainous island of Taiwan, can be reasonably simulated in
the laboratory. In the case of deflected flows, the typhoon vortex
resembles a two-dimensional vortex past an equivalent two-dimensional
mountain barrier and its pathline seems to be not sensitive to the
typhoon strength. It is suggested that laboratory modeling may provide
a reliable and effective way for predicting the movement of a typhoon

vortex when it is in the vicinity of the island.

1. Introduction

Increasing awareness of and interests in
the topographical effects on the atmospheric
flows in recent years have led to numerous
studies and investigations by many scientists
around the world. It has also been recogn-
ized that mountain ranges do have strong
interaction with and influence over typhoons
and hurricanes. In certain cases the block-
ing and deflecting effects of the mountain
barriers become very prominent. The
mountain effect usually manifests itself in
the form of floods and disasters for certain

areas. In the Pacific area, the mountain
range of Taiwan stands out. It reaches a
height well over 3000m above sea level.
During every summer and early fall, the
island of Taiwan has stood in the pathway
of numerous violent typhoons in the last
two decades for which observations have
been quite extensive.

The problem of typhoon vortex passing
over the central mountain range of Taiwan
has been studied previously by Wang (1954,
1963), and Hsu and Wang (1960). Their
works were mainly concerned with field
data and their interpretations. More recent-
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ly, in a series' of reports -Lin, Chu, Yu
and others (1972, 1973, 1974) have: analyzed
field data of 102 typhoons covering a time
span of 23 years (1949-71). Some statistical
characteristics and wind field of typhoon
vortex were intensively studied- Very
recently, Brand and Blelloch (1974) have
examined the field data of twenty-two
typhoons (1960-72) regarding the changes in
the characteristics of typhoons crossing the
island of Taiwan. In these studies, it was
evident that the high mountain on the island
of Taiwan has indeed very strong interac-
tion with and influence over the typhoon
vortex.

Grossly speaking, typhoon or hurricane
can be treated as a quasi-two-dimensional
rotationally constrained fluid. Due to its
high intensity of rotation and the flatness
of its vortex, typhoon or hurricane has
indeed a strong two-dimensional characters
when interacting with a mountain range.
This is essentially consistent with the Taylor-
Proudman theorem ot a rotating fluid (see
for example Greenspan 1968).

In this preliminary study we performed
experiments by introducing an essentially
two-dimensional concentrated vortex which
interacts with a two-dimensional elliptical
barrier resembling the general shape of
Taiwan island. Other shapes of barriers
were also used. The basic objective of the
present study is to find out whether the
laboratory modeling can give a more definite
answer to the following questions: If a
mature typhoon is observed to be traveling
in the general direction of approaching the
island of Taiwan, (1) What is the general
behavior of such a typhoon vortex when
interacting with the mountain barrier? Any
better way to predict the path line of the
‘typhoon center? (2) Can the accompanying
flow field be simulated in the laboratory?

AREHE
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(3) In the case of deflected flow, does the
flow resemble a two-dimensional vortex
past an equivalent two-dimensional barrier?
(4) Is the vortex movement sensitive to
the shape of the barrier? (6) How is the
vortex movement affected by the approach-
ing pathway of the vortex relative to the
barrier?

From these preliminary experimental
results and their comparisons with field
data, we believe that satisfactory answers
to the above listed questions have been
found. We want to emphasize here that
the laboratory modeling is certainly a valu-
able research tool in studying some atmos-
pheric flow phenomena although it does
have its limitations. For example, in this
study, the typhoon vortex was treated as an
essentially two-dimensional potential vortex
hence the detailed
flow

with a viscous core;
structure of the secondary in the
typhoon vortex was not simulated in the
Thus,
replace the field observation or numerical

modeling. Nevertheless, it is believed that

laboratory. it by no means can

the results from proper laboratory investi-
gations are definitely complimentary to the
actual field measurements; and that they
will help to isolate certain important me-
chanisms and to untangle otherwise very
complicated atmospheric flow phenomena,
especially in the presence of mountain
barriers.

2. Experimental Set-up and

Procedures

The experiments were carried out in a
Plexiglas flume 9.50 m long, 0.30m deep, and
0.59m wide. The flume was connected at
both ends with inlet and outlet tanks, and a
50 h.p. pump was used for flow recircula-
tion. Tracks and towing system were also
available for towing the obstacles along the
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flume. The experiments were performed
in two stages.

(1) Fixed vortex. A copper tube of an
outer diameter 34 cm with a roughened
surface was used as a vortex generator.
The tube was made to rotate about its axis
at various speeds through a motor and gear
system. The flow field thus generated is
similar to a fixed vortex as shown in Fig. 1.
Two-dimensional as well as three-dimen-
sional barriers of various shapes were placed
in the vicinity of the fixed vortex in order
to study the flow patterns and the effects
of the barrier.

Figure 1. Streakline picture showing the flow
pattern of the fixed vortex generated
by a rotating copper tube. Experi-
mental conditions: Rotating speed of
the copper tube 0=15.0 rad/sec; outer
diameter 2r,=3.4cm; Rotational Rey-
nolds No. Re=0r,2/v=4,300.

(2) Free vortex. Various methods had
been tried to create an essentially two-
dimensional concentrated vortex in a channel
filled with water of depth 25cm. Intuitively,
the set-up for generating the fixed vortex
can be modified so that the rotating copper
tube or a circular rod connected to an
electric hand-drill may be lifted out of the
water after the vortex flow has been estab-
lished, thus leaving a free vortex in the
water. - This technique, however, did not
work. The turbulence created by the rotat-
ing tube and the disturbance caused by
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lifting the tube were so strong that the
remaining vortex was quickly dispersed

‘and dissipated. It was found after many

trials thata single two-dimensional concen-
trated vortex can effectively be created by
suddenly moving an airfoil at an angle of
attack. A vortex was shed instantly off the
trailing edge of the airfoil (for more
detailed disi:ussions on this, see for example
Batchelor 1967). It should be noted that
another vortex of opposite sense was also
shed as soon as the airfoil was brought
from motion to rest. Therefore, the airfoil
was kept moving for a considerable distance
before it was brought gradually to rest;
thus the second vortex was far apart from
the first one and was also very much we-
akened and diffused:

A Cannon camera with 45 mm lens was
used to record the development of the flow
field. A Cannon movie camera was also
used for the case of free vortex movement in
order to record the continuous development
of the flow field. The flow was made
visible by a suspension of small (0.1~0.5mm)
Pliolite S-6 beads which was illuminated by
a horizontal sheath of light from two sides.
Two light boxes were used for illumination;
each 6ne has horizontal openings at three
levels, two inches apart, which permit
observations of the flow pattern at any of
these three levels. The Pliolite particles.
having a specific gravity of about 1.05, sank
slowly in a uniform cloud. To give particle
streaks of a convenient length, and to show
the flow pattern effectively, the shutter
time was set at 1.0 sec. It was found that
good quality streakline pictures can be
obtained at f. 4.0~5.6 with a film speed of
ASA 400 (Kodak Tri X Pan).

For the case of the fixed vortex the
camera was mounted on a platform on top
of the water channel. The motor was then
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Figure 2. Comparison between experimental

results and field data. (a) Streak-
line picture showing the flow
pattern of the fixed vortex in the
presence of an elliptical barrier.
Experimental conditions: o =16.4
rad/sec; U=0; t=160 sec; ro=1.7cm;
B=45°; dimensions of the elliptical
barrier: Diameter on the major
axis d;=15.5cm, diameter on the
minor axis d;=4.bcm; Re=4,740. (b)
Surface flow lines of typhoon 093,
1952 when encountering the island
of Taiwan. Time: Sept. 11, 06Z;
location of typhoon center: 122.7°E,
21.4 °N; maximum wind speed=50
kts.

HB=1
started to rotate the copper tube and was
kept at a constant rotating speed. The
flow field was usually established in
about ten minutes. Top view pictures were
then taken successively at a rate of about
four seconds per picture. Some specimen
photographs from this series of experiments
are shown in Fig. 1 to 5. Note that the
rotating copper tube is sometimes hidden
behind the elliptical barrier because of the
angle of the camera. In this case various
uniform flow speeds were used in the flume.
For the case of the free vortex, to facilitate
the picture taken and visual observations
a large mirror was mounted on top of the
flume, inclined at an angle of 45°. The-
refore, the camera set in front of the
inclined mirror can see a top view of the
flow field in the mirror. A two-dimensional
airfoil at an angle of attack of about 35°
was set in a sudden motion, thus creating a
concentrated vortex behind its trailing edge.
The-uniform flow in the flume acts as the
steering flow for the vortex. Top view
pictures were then take nsuccessively. Some
specimen photographs from this series of
experiments are shown in Fig. 6 and 8.

3. Preliminary Experimental
Results and Comparisons
with Field Data

The experiments were performed in
two stages. In the first stage, the vortex
generated was bound to the rotating tube,
hence it is termed as “fixed vortex”. In the
second stage of experiments, a free vortex
shed from the trailing edge of an airfoil
was created which is free to move in the
flume. Many experimental runs have been
made in the laboratory, however, only the
representative results are presented here.
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(1) Fixed vortex

The purpose of this series of experiments
is to study the flow patterns associated
with a fixed vortex in the presence of a
barrier. Fig. 2a, 3a and 4a show a time
sequence of events of a single experimental
run. The experimental conditions are: the
rotating speed of the copper tube Q=164
rad/sec, the basic unifrom velocity U=0, the
angular position of the vortex relative to
the major axis of the elliptical barrier g=
45°. A sketch of the streamlines for the
flow field is shown in Fig. 3c. It is noted
that a series of pictures were taken only
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Figure 3. Comparison between experimental
results and field data. (a) Streak-

line picture. Same experimental

conditions as in Fig: 2a except t=
165 sec. (b) Surface flow lines of
typhoon Louise, 1959. Time: Sept.
03, 06Z; location: 122.2°E, 225°N:!
maximum wind speed=100 kts. (c)
A sketch of streamlines for the
flow field in (a).

after the rotating tube has been in rotation
for more than 15 minutes and, therefore, the
motion is presumably in a steady state.
The time sequence for these pictures is t=
160 sec, 165 sec, and 200 sec, respectively,
after a preset time which marks the begin-
ning of a quasi-steady-state motion. As
this series of pictures show that the motion
actually never reaches a steady state. As
the fluid of the fixed vortex flows around
the elliptical barrier, flow separation occurs
at the leading edge of the barrier. An
induced eddy is formed and grows with
time, as shown in Fig. 4a. As this eddy
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Figure 4. Comparison between exprimental
results and field data. (a) Stre-
akline picture. Same experimental
conditions as in Fig. 2a except t=
200 sec. (b) Surface flow lines of
typhoon Judy, 1953, Time: June 05,
18 Z; location: 1221 °E, 22.4 °N;
maximum wind speed=60 kts,

grows, it tends to shed away from the
leading edge. Due to the prevailing circula-
tion of the fixed vortex. the first eddy is

-being carried toward the rear edge of the
_barriers while a second eddy is starting to
form near the leading edge; consequently,
.the two eddies form a streamline of a

figure “8” as shown in Fig. 2a, 3a and 8c.

H=H
The eddy near the leading edge has a ten—
dency to grow in size while the rear eddy
tends to diminish in size. As the leading
eddy is growing, the rear eddy starts to
shed away from the rear edge. This fact
was confirmed in other pictures of the
experiments (not shown here). When the
rear eddy has been shed, the leading eddy

. has become full-grown and tends to be

carried toward the rear, as shown in Fig.
4a. This completes a full cycle, before
another eddy being formed at the leading
edge. Therefore a single eddy or double
eddies are formed in the lee side of a barrier
as the vortex flow interacts with the
barrier. For the purpose of comparison..
surface flow lines for three typhoons(typhoon
093*, 1952; Louise, 1959; Judy, 1953)were
analyzed and plotted in Fig. 2b. 3b and 4b.
It is seen that the resemblance of the flow
pattern between the experimental results
and the field data is striking. Therefore,
the dynamic lows in the field are now
identified as the separation eddies which
are shed away from the northern tip of
the island. And the surface flow here is
very similar to a two-dimensional vortex
flow around an equivalent two-dimensional
barrier. Figure 5a shows the streamline
pattern for the case 3=0, where the vortex
is located on the major axis of the elliptical
surface flow
lines derived from the field data of typhoon
Kate, 1962 are plotted in Fig. 5b. The
agreement is again remarkable.

From the above series of experiments.
it has been demonstrated that the surface
flow patterns of a typhoon vortex when
interacting with the mountainous island of
Taiwan can be reasonably simulated in the
laboratory. Three-dimensional flow field
needs fuither investigation

barrier. The corresponding

* This is the tropical storm number assigned by the Weather Central. Chinese air Force.
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Figure 5. Comparison between experimental
results and field (a) Streamline

picture. Same experimental
coniitions as in Fiz 2a except
B=0°. (b) Surface flow lines of
typhoon Kate, 1962, Time: July 2%
00Z; location: 1202°E, 21.1 °Nj;
maximum wind speed=70 kts.

(2) Free vortex

A series of experiments were -also
-performed for the case of free vortex with
various barrier angles and shapes. The
top-view pictures shown in Fig' 6 are from
;a representative experiment for a free vortex
-approaching an elliptical barrier. Figure 6
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shows the time development of the induced
eddy at the tip of the barrier and the
movement of the free vortéx. The free
vortex is generated in a stream of uniform
flow with U=19 cmces/. In Fig. 6a, the
free vortex is shown to be approaching the
barrier from the right side of the picture at
an angle of 45° to the major axis of the
elliptical barrier. An eddy is being formed
at the tip on the lee side of the barrier.
The streamline pattern here has a striking
resemblance to the surafce flow lines of
typhoon Judy (1953) shown in Fig. 4b. These
pictures are selected from those taken in
the same run. The time interval between
successive pictures is about five sec. It is
seen that the main vortex has a tendency
to veer to the right as it approaches the
barrier. As the main vortex is passing
around the tip. the induced eddy 1s also
drifting away from the barrier. as shown
in Fig. 6¢c and 6d. In the meantime, the
movement of the induced eddy is
always under the influence of the main
vortex. As the main wortex is moving
downstream. it quickly overtakes ths in-
duced eddy. At this time, these two vortices
behaves very much like a vortex pair with,
of course, different strengths. In fact, at
the position shown in Fig. 6f, the induced
eddy tends to move in the upstream direc-
tion due to the induced motion derived
from the main vortex. The path line of the
center of the free vortex can accurately be
determined by examining these time-elapsed
photographs. Several representative path
lines are now plotted as dotted lines in Fig.
7. Eight typhoon tracks are also plotted in
the same figure as the mountain barrier
interacts and deflects the typhoon vortex.
It is seen that the agreement between the
laboratory results and the field data is
very good. In the case of typhoon Thelma
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Figure 6. Laboratory experiment of a4 free

vortex past an elliptical barrier.

Angle of approach e=45° U=19

cm/sec.

(1956), the field track pratically coincides
with that obtained from the laboratory. It
is noted that the strengths of these free
vortices in the experiments have not been
determined and the strengths of these
eight typoons are also chosen arbitrarily.
Hence, the fact. that the agreement is good

regardless of the strengths, seems to in-
dicate that for deflected typhoons the path
lines are somewhat not sensitive to the
typhoon strengths. From Fig. 7, it is seen
that the vortex movement is strongly
affected by the approaching pathway of the
vortex relative to the barrier. More detailed

d
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Figure 7. Comparison of eight typhoon tracks
with the pathlines of a free
vortex obtained from the experi-
ments. The number of each ty-
phoon track corresponds to the
following typhoons: 1. Elsie, 15-17
Sept. 1966; 2. Babs, 8-9 Oct. 1959;
3., Thelma, 22-24 April 1956; 4.
Kate, 21-28 July 1962; 5. Freda, 18-
19 Nov. 1959; 6. Elsie, 13-14 July
1961; 7. Typhoon 084, 16-17 Aug.
1955; 8. Trix, 7-8 Aug. 1960,
—-typhoon track; - - - experimental
path line

and definitive conclusions have to await
further investigations. It is also noted that
three-dimensional barriers were also used
for some runs. but it is still too early, for
the time being, to make any significant
statements.

One of the most interesting facts as
mentioned in the previous section is the
tendency for the main vortex to be veering
to the right as it approaches a barrier.
This is actually a well-known fact for the
typhoon vortex (see, for example, Hsu and
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_Wang 1960, or Blelloch 1974). Initially, it
/'”was conjectured by this author that this is
probably due to the “tip” effect of the
island. In other words, the salient southern
tip of the island of Taiwan was thought to
be the controlling factor for the typhoon
vortex to be veering to the right. This
explanation was, however, quickly found
to be untrue. This fact is easily tested
in the laboratory by using a circular
cylindrical barrier. Figure 8 shows the
time-elapsed top-view pictures for a
free vortex in the presence wof a
circular barrier. The basic uniform flow
in the flume is set to zero. Therefore, the
only primary motion is the free vortex,
itself. It is seen convincingly that the
vortex moves around the circular barrier
in such a way that it always stays on the
right-hand side of the cylinder. Therefore,
veering to the right is not a consequence of
the tip effect of the. island.

It is well known from the -classical
hydrodynamics that a single vortex in a
fluid near a wall will acquire an induced
velocity parallel to the wall (see, for
example, Lamb 1932). In fact, if the fluid
were inviscid, angy hence did not separate,
the point vortex in Fig '8 would be moving
around the circular cylinder in a clockwise
direction. Therefore, viscous effects and
flow separation seem to be the only reasons
for the real vortex to move in the opposite
direction, i.e., counterclockwise. This calls
for a careful analytical study in order to
resolve this apparent discrepancy. The
most tempting explanation here is probably
that viscous effects and flow separation
have induced a net circulation for a closed
circuit around the cylinder without enclosing
the point vortex; and the sense of this net
circulation is the  same as that of the free
vortex itself. As a conseéquence, the vortex
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Figure 8. Laboratory experiment of a free

vortex past a circular cylindrical

barrier. U=0.

is steered around the cylinder in a counter-
clockwise direction.

Finally, it is noted that for a free
vortex in the presence of a circular barrier
the induced eddy at the lee side of the
barrier is very much weakened when compar-
ing with that near the elliptical one.

Therefore, the tip or shape effect is indeed
prominent as far as the strengths and
sizes of the induced eddes are concerned.

4. Concluding Remarks

In the present laboratory study, several
shortcomings are noted as far as the
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simulation of the typhoon vortex is two-dimensional characteristic which is
concerned. observed vividly in the experiment. More~

First, the concentrated quasi-two- over, in the present study, only the case of

dimensional free vortex produced in the
laboratory is purely mechanical, that is,
the important effect of latent heat was
Thus, the free
vortex, once created, is subject to decay as
it moves along. Considerable amount of
dissipation and weakening also occurs as it
encounters the barrier.

not incorporated here.

Therefore, we have
that the
attained a mature

essentially assumed typhoon

vortex has already
strength and thus no further growth is
occuring as it approaches the island of
Taiwan. This, however, seems to be true
for most of typhoons approaching Taiwan.
Moreover, the average intensity of typhoons
was indeed reduced substantially after they
have crossed the island (Brand and Blelloch
1974). Furthermore, many flow features,
occuring during thne interaction between
the vortex and the barrier observed in the
laboratory, seem to be not sensitive to the
vortex intensity. Therefore, the effect of
latent heat is perhaps of secondany impor-
tance in the present situation. The latent
heat is, of course, of primary importance
during the formative and growing stages
of a typhoon. It is also of importance when
studying the structure and maintenance of a
mature typhoon (Yanai 1964).

Second, the detailed structure of the
secondary flow in the typhoon vortex was
not provided for in the laboratory-

Third, the aspect ratio of the vertical
and horizontal dimensions of the free
vortex in the laboratory is considerably
different from those of the typhoon
vortex. This is almost unavoidable for a
laboratory modeling of this kind. The
vertical dimension is always distorted. But
a strong vortex does possess a strong

the two-dimensional vortex interacting with
a two-dimensional barrier is considered.
Therefore the vertically distorted model is
of no consequence here.

Forth, the Coriolis effect is neglected

in the laboratory model.

In spite of these shortcomings in the
laboratory model, the agreement between
experimental results and the field data is
very good. This strongly underlines an
important fact that the present laboratory
model has incorporated all essential dynamic
factors in so far as the interaction of the
typhoon vortex with the mountain barrier is
concerned. Indeed, when the typhoon vortex
approaches the island of Taiwan, the
mechanical encounter between the vortex
and the mountain barrier ought to be the
sole dominant factor in the entire even.
Therefore, the present laboratory model
has provided a first-order solution to the
typhoon movement in the immediate vicinity
of the island. The effects of the latent
heat, the detailed secondary flow in the
typhoon vortex and the Coriolis force can
be considered as of secondary importance.

With the above remarks, we now make
the following tentative conclusions:

(1) It has been convincingly demon-
strated that the general behavior and the
accompanying surface flow patterns of a
typhoon vortex when interacting with the
mountainous island of Taiwan can be
ressonably simulated in the laboratory.

(2) In the case of deflected flows, the
typhoon vortex resembles a two-dimensional
vortex past an equivalent two-dimensional
mountain barrier.

(3) The vortex movement seems to be
not sensitive to the shape of the barrier.
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(4) For deflected typhoons the path

lines seem to be somewhat insensitive to
the typhoon strengths.

(5) The vortex movement is strongly

affected by the approaching pathway of the
vortex relative to the barrier.

(6) Laboratory modeling may provide a
reliable and effective way for predicting
the movement of a typhoon vortex when
it is in the immediate vicinicty of the
island of Taiwan.
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