CHAPTER Vil

RESULTS OF COMPUTATIONS AND DISCUSSION

71 COMPARISON OF NUMERICAL AND EXPERIMENTAL RESULTS

The main purpose of this sebﬁo'n is to make the comparison between the
computed data from doing the simulation and the measured data from the
both parts of an experimental investigation. The conditions .of the both
procedures must be exactly identical , otherwise , some undesired error may
occur. Such comparisons illustrate the mean velocity profiles of the developing' |
flow at some distance and also the centerline mean velocity distribution over
the length of the duct for both procedures simultaneously.

Figures 7.1(a) - (g) illustrate the comparison under the initial condition of
the air flow in é square duct without any obstacle inside. The agreement
between éxperiments and predictions is reasonably ciose over the length of
the duct especially the regions beyond L / D = 28.

Figurgs 7.1(n} - (n) illustrate the comparison under the initial condition of
the air flow in a square duct with the obstacle inside. it isl appropriately
specified to be 1-blade damper with inclination of 30 degree angle. The fair
agreement between experiments and predictions is obtained. Some of the
discrepancies of the both procedures are found in some regions. However |,
they still be acceptable for overall regions.

Figures 7.2 iIIustfate the comparisons of various initial conditions are in

general satisfactory for downstream flow. Although some discrepancies are
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found around the damper due to influence of swirl reduced thé accuracy of a
Pitot-static tube , which should be neglected for this region.

Consequently , the validity of the simulatib_n has been verified and ready
to confidently predict the flows with initial coﬁditions under the range of the
study that the experiments of this present study can not be done for some
details as the separation zone behind the damper or even the exactly distance
of the fully developed fiow. )

To determine the development length in a system , some criterion must
be defined for the decision. In the present study , the change of norms is
adopted for reference. Due to the calculation domain is three dimensions ,
hence the collected numerical data are aligned in the matrix along the

diagonals of a square for each x-y plane as shown in figure 7.3.

The form of expression of the norm is

norm [m/s] = ‘j,i ( v - V )2 (7.1)

where V, —and \7, are the mean velocity along the flow direction ( or z-
direction ) at the same position of the adjacent cross-section ( or x-y plane ).
The definition of the criterion is that the fully developed fiow region is
promptly determined when the norm is lower than 0.03 for all of the present
.initial conditions. This value is obtained from doing the comparison among the

theoretical background ( in section 3.3 ) . the experimental results { in the
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second part ).and the ‘numerical results ( in this section ) then findthe
corresponding value under the initial condition of the air flow in a blank duct.
Therefore , at this criterion ( norm <.0.03 ) , the simulations in the present
study predict the phenomena of the flows which can be represented -the

actuality with reasonableness.

Figure 7.3 Positions of the collected numerical data for Xy pléna.

The following predictions are performed up to Reynolds number of
3.9 x 10* that be common range of the engineering duct flow and maintained
to be constant for all initial conditions in this section while the number and
inclination of the flat plate in a square duct are varied.

By analogous with the experimental results , the computed mean velocity
along flow direction at the centerline of the duct are demonstrated versus the

dimensionless term of L/ D , as shown in figures 7.4 t0 7.9.
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These results does not illustrate some expected-information in-the

-« Unmeasurable regions for the present experiments because of fitting the scale

- and ratio of the axis. However , such information as well as some interesting
. details of any initial condition is separately demonstrated by the graphic of the
mean vélocity profiles instead , as shown in figures 7.10 to 7.30.

Firstof all, a simbtest fundamental case is considered that is the air flow
in & square duct without any obé.tacle. Figure 7.10 shows the region ardund
the inlet of a blank duct to confirm the inlet mean velocity is uniform then
begins to deyelop the flow patterns along the increasing of the distance. When
thé flow becomes fully developed , according to the numerical results , the
entrance length ( L, ) is approximately 22 diameters of the duct as shown in
figures 7.11 and 7.12 for the fully developed flow region in y-z plane ( at the

centerplane ) and x-y plane respectively.

7.1.1 EFFECT OF THE NUMBER OF FLAT PLATES

Figure 7.4 illustrates the predictions of the centerline mean velocity
distribution along flow direction of various dampers with 10 degree angle. At
this smalll inclination , there are not so much different in the characteristic lines
particularly 2-blade , 3-blade and a blank case. Moreover , figures 7.13 , 7.14
and 7.15 show the flow patterns at the test-section and nearby for 1-, 2- and
3-blade with .10 degree angle respectively.lt is found that tﬁe velocity profiles
of 3-blade case behind thé flat plates are distorted from the undisturbed flow (

as figure 7.10 ) less than the other cases. The numerical results also predict




the Iength behind the damper for fully developed flow as 18 diameters for 1- =~
blade , 13 diameters for 2-blade ahd~11 diameters for 3-blade. Figures 7.22 ,
7.23 and 7.24 present the corresponding informations by the developing mean
velocity profiles about L / D = 20 ( from the inlet ) of 1-, 2- and 3-blade with 10
degree angle respectively. It is found that while 1- and 2-blade cases still be
the under developed flow , at the same distance , 3-blade case is almost

| complete in developing to the fully developed flow. -

Figure 7.5 illustrates the predictions of the centerline mean velocity
distribution along flow direction of various dampers with 30 degree angle. At
this inclination all of the characteristic lines can be distinguished in the
differences. For 3-blade case , the influence of the flat plates affects to the
mean velocity fluctuations less than the other cases that .also correspond with
| the experimental results ( in the first part ). Moreover , some interesting area

which can not be measured in the experinﬁents ( due to limitations of the
instrument ) is demonstrated the details of the velocity vectors as shown in
figures 7.16‘ , 7.17 and 7.18 for 1-, 2- and 3-blade with 30 degree angle
respectively. It is interesting to note that the calculations show , as expected ,
there is a reversed flow region occurs behind a flat plate of 1-blade damper.
This phenomena create the velocity profiles like a wake type distortion, White
2-blade damper has the smaller regions of the reversed flow beﬁind each flat
plate. Hence , the. disturbance to the downstream flow is relieved. For 3-blade
damper , there is no any the reversed flow region appears ( under the present
grid density in the calculation domain } » so the distortion of the velocity

profiles is the least and also easily develop to the unchanged profiles at last.
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Figures 7.25 ,.7.26 and 7.27 confirm the resulting of the abov'e phenomenon
of 1-, 2- and 3-blade with 30 degree angle respectively. It is found that , at the
distance of L/ D = 20 , the development of mean velocity profiles of 3-blade
case is faster than the other cases while 1-blade case is slowest due to the
influence of the large recirculating zone behind the damper.

Under the present criterion , the length for fully developed flow of the
initial conditions such as 30 degree angle and larger , is over than a existent
square duct no matter which iype of the damper . This meant that the
experimental and numerical investigations i.n the length of the duct are not
enough for fully developed flow. However | according to the available
information , some useful informatidn of engineering .importance can be
~ extracted and then leads to the reasonable conclusions which is discussed
later at the end of this subsection.

- Figure 7.6 illustrates the predictions of the centerline mean velocity
distribution along flow direction of various da'mpers with 50 degree angie. At
this large inclination , all of the characfe'ristic lines can be obviously
distinguished in the differences over 10 or 30 degree angle. The trend of the
mean velocity fluctuations of 3-blade case still be less than the other cases
sarﬁe as. two previous inclinations of the flat plate. Figures 7.19 , 1.20 and
7.21 present the _predicted phenomena at the test-section -and nearby for 1-
2- and 3-blade with 50 degrée angle respectively. It is found that the size of
- the reversed flow region ‘in 1-blade case is larger than {he other caéles and

exist around the centerline of the duct to produces wake-distorted velocity




profiles while the. multi-blade damper generates asymmetric-distorted velocity:
profiles that the recirculating zone exist below the centerline of the duct. When
increase of the distance until L/ D = 20 , the development of the mean
velocity profiles still goes on as shown in figures 7.28 , 7.29 and 7.30 for 1-,
2- and 3-blade with 50 degree angle respectively. However , the growth of
developing the mean velocity profiles in the multi-blade cases is found to be
faster than a single blade case.

In this subsection , effect of the number of fiat plates has been studied
and is remarked that when the air flow past the flat plate with fixed inclination
in a square duct , the development length decreases if the number of the flat
plate increases. This ¢can be explained that the flow is separated at the leading
and trailing edge of each fiat plate of the damper. Thereafter , there are the |
reversed flow regions occur behind the flat plates ( which can be observed
easily with the large inclination ). The size of those regions depends on the
dimension of the flat plate that obstructs the flow. For 1-blade damper , the
region of reversed ﬂdw is the biggest and this phenomena can strongly affect
to the downstream vélocity profiles then the length for fully developed flow is
longer than the other types of the damper. When number of the blade
increases as two blades , although there are more reversed fiow regions occur
but their size are reduced because the breadth of each flat plate becomes a
half of 1-blade case ( or D / 2 ). Therefore , this can relieve the influence of
the reversed flow , moreover , the separated flows can easily reattach then

begin to redevelop again because there are three alloWed pathways.of the air
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flow past this damper while 1-blade damper has only two aIIO\;ved pathways (
top'and bottom gaps of a flat plate ). In case of 2-blade damper , the stream of
the air that flows through a gap between a upper-blade and a lower-blade can
improve the mixing of the adjacent separated flows. Afterwards , such
‘behavior also can interfere the formation of the reversed flow region behind a
upper-blade. That are the explanations for the differences in size of the
reversed. flow regions in case of 2-blade damper although each blade has
identical dimension. Accordingly , the length for fully developed flow of this
case is shorter than 1-blade case. For 3-blade damper , the size of the
reversed flow regions is the smallest due to the breadth of each flat plate
becomes D / 3. Moreover , there is the influence of the air stream that flow
through the gaps among the blades ( or through four allowed pathways ).
Further explanétions of this phenomena can be described as the following
step. Beginning from the back of a top-blade which is interfered by the air
stream that flows through a gap between a top- and a mid-blade. Next . thé
" back of & mid-blade which also is interfered by the flow past betweén a mid-
and a bottom-blade. Last , the back of a bottom-blade which gets such
influence less than the other blades because the air stream must flows
through a small gap befween a bottom-blade and a bottom-wall. Therefore |,
the interference to the formation of the reversed fiow region is not so effective
then the large size of it still be maintained in the downstream flow upon the
bottom wall. However , ih_e mean Velocity profiles behind this damper get

closer to the fully developed flow than the other cases. Therefore , such flow
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takes the shortest distance of the development length too. Furfhermore , there
are some interesting remarks on a blank case compared with 10 degree angle
of the various dampers. It is found that at this inclination , when the flow is
obstructed by the present obstacles in the duct , the redeveloped profiles
reach the fully developed flow earlier than the flow in the blank duct. This can
be explained that in the duct without any obstacle has nothing to enforce the
movement of the air flow in the different directions such as the mixing |,
recirculating , or even fluctuating. These types of the flow let the momentum

transfer to be faster than the naturai developing flow in & blank duct.

7.1.2 EFFECT OF THE INCLINATION OF FLAT PLATES

Figure 7.7 illustrates the predictions of the centerine mean velocity
distribution along flow direction of 1-blade damper with various inclinations.
For any degree angle of a flat plate , all of the characteristic lines indicate the
same trend but different in the amplitude around the test-section area.
Moreover , figures 7.13 , 7.16 and 7.19 show the flow patterns at the test-
section and nearby for 10 , 30 and 50 degree angle of 1-blade damper
respectively. It is found that at the smallest inclination as 10 degree angle , the
downstream mean velocity profiles are distorted from the undisturbed flow less
than the other cases. The available numerica! results predicted the length for
fully developed flow _abdut 18 diameters of the duct. While the larger
inclinationé as 30 and 50 degree angle require such length over 40 diameters

of the duct behind the damper. Figures 7.22, 7.25 and 7.28 present the mean
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velocity profiles of 1-blade damper in the developing zone abodt L/D=20for
10 , 30 and 50 degfee angle respectively. These informations confirm the
above mentions on the development length of each case. For 10.degree angle
, the developing of the velocity profiles to be the fully developed flow is
progressed rapidly than 30 degree angle and much more than 50 degree
angle because the. influence of the reversed flow behind a flat plate increases
with its size.

Figure 7.8 illustrates the predictions of the centerline mean velocity
distribution along flow direction of 2-blade damper with various inclinations. A
characteristic line of 10 degree angle is quite simitar to a blank case and the
length for fully developed flow is predicted about 1’3 diameters of the duct.
When the inclinations become as larger as 30 and 50 degree , the predictions
of the development Iength must take the distance not less than 40 diameters
of the duct due to the large fluctuations of the mean velocity which are
resultant from the reversed flow behind the flat plates., Figures 7.14 , 7.17 and
7.20 show the velocity vector profiles at the test-section and nearby for 10 , 30
and 50 degree angle of 2-blade damper respectively. It is found that the size
of the reversed flow regions is enlarged if the slope of the blades against to
the upstream flow is increased and that surely affects to the distance for fully
developed flow. Moreover , figures 7.23 , 7.26 and 7.29 present the develop-
ing mean velocity profiles of 2-blade damper about L / D = 20 for 10, 30 and
50 degree angle respeétively. The flow patterns in case of the smallest

inclination are the symmetric-velocity profiles and get close to the fully
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.developed flow more than the cases of the larger inclinations that the flow
patterns just redevelop from the asymmetric-velocity profiles.

Figure 7.9 illustrates the predictions of the centeriine mean velocity
distribution along flow direction of 3-blade damper with various inclinations. It
is found that although the trend of the characteristic lines at any inclination is
- similar but some differences of the velocity fluctuations still be identified and
corresponding with the experimental resuit.s.' Moreover , the unmeasurable
regions nearby the damper in the experiments are demonstrated the details of
the velocity vectors as shown in figures 7.15 , 7.18 and 7.21 for 10 , 30 and 50
degree angle of 3-blade damper respectively. At the smallest inclination , the
mean velocity profiles behind t‘he. flat plates are almost the same as the
undisturbed flow. This confirms that such flow requires the shortest distance
for fully developed flow if compéres with the other inclinations. According to
the numerical results , it is approximately 11 diameters of the duct. While the
cases of 30 and 50 degree angle are predicted that the development length is
longer than of 10 degree anglé case and also the available length of 40
diameters behind the damper in the present study is not long énough for
recovering the separated boundary-layers then redeveioping the flow patterns
until finally reaching the fully developed flow. Figures 7.24-, 7.27 and 7.30
present the mean velocity profiles in the developing flow region about L /D =
20 of 3-blade damper with 10 , 30 and 50 degree angle respectively. At this
same distance behind the damper , the flow patterns with the small and

moderate inclinations as 10 and 30 degree angie can develop to be faster
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than the large inclination as 50 degree angle and such behaviors lead the..

under developed flow to reach the fully developed flow earlier.

.. In this subsection , effect of the inclination of flat plates has been studied . -

and is remarked that when the air flow past the flat plate with' varied - .

inclinations in a square duct , the development length extends if the inclination
of the fiat plate increasés. This can be explained that the flow is‘separated at
the sharp edges of each flat plate of the damper. Thereafter , there are the
reversed flow regions occur behind the flat plates ( which can be observed
easily in a single blade damper ). Their size of those regions depend on the
degree angle of attack to the undisturbed flow which also is proportional to the

separation distance ( the perpendicular distance between the adjacent
separated flow behind any flat plate). For 10 degree angle , the separation
distance is so short then the influence of the reversed flow can not strongly
disturb the developing of the flow patterns. Hence , the length for fully
develbped flow of this case is shorer tﬁan the other cases. When the
inclination increases as 30’ degree angle ,.the regions of the reversed flow
also enlarges due to.the separation distance becomes longer than the former
case. Therefore , tiIII the adjacent separated flows reattach together again for
the transference of the momentum of the air then developing to the |
unchanged velocity profiles at last , such process requires the longer
development length. At the largest inclination of 50 degree angle , the
separation distance much more extends and this surely affects to the

enlargements of the reversed flow regions which directly disturb to the
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downstream velocity profiles and produce the extreme veiociiy fluctuations |,
accordingly , the required distance for fully developed flow is the longest too.

By the way , the additional.information of the total pressure value , that is
- predicted for each geometry , also is available here.

‘Figure 7.31 illustrates the pressure distribution in the biank duct. It is
found that the pressure value continually drops over the length of the duct (
from the inlet ) due to the friction loss at the wall.

Figure 7.32 , 7.33 and 7.34 illustrate the pressure distribution in the
region nearby the damper for 1- , 2- and 3-blade respectively. It is found that
there is a pressure difference between the high pressure over the upstream
surface of the flat plate and the low pressure on the downstream surface of
the flat plate in the near wake thus causing a pressure drag force on the flat
plate in the direction of air flow. Consequently , this behavior also let the loss
of momentum at the flat plate beyond gt the wall only as the air flow in the
blank duct. Such pressure difference is the largest in case of 1-blade damper
thus the largest size of the reversed flow region occurs behind the flat plate
while a pressure difference in 2- and 3-blade damper becomes small and
smaller respectively , therefore , their regions of the reversed flow also occupy

the smaller size than a single blade damper.

7.2 APPLICATION OF THE PREDICTIONS
For the real practice of air-handling systems , some factors have been set

such as the type of the damper that involves with number of the flat plate , or
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even the adjustment of the open-closed position for controllin:g the flow that
involves with inclination of the flat plate. The studies of these both factors
have been done in subsection 7.1.1 and 7.1.2 respectively. Consequently |, in -
this section , the other factors are studied such as the dimension of the duct -
and the velocity of the air that are in the parts of Reynolds number definition
-and be able to use for reference in the case of the dynamics similarity.

" In order to be corresponding with the actual conditions , thus the
dimension of the duct must be changed into the large scale but still having the
square crosssectional area by using the hydraulic diameter ( D,, ) equals to 0.8
m ( eduivalent to the normal diameter of the duct , D ) to foliow the real
industrial design ( or about 5 times of the test-section in chapter V1 ) and 40 m
in length of the duct. The damper is located at thé position of L / D = 6 behind
the inlet of the duct. |

Study on the air flow with the uniform inlet velocity past various types of
- the damper : 1-, 2- and 3-blade with fixed inclination at 30 degree angle and
including another case of the blank duct , is bérformed. Here Reynolds
number ( Re ) is varied for each initial condition. In the engineering applicatidn
. Re is in the range of 10* - 10° as usual ( the average velocity in the duct is
about 10 m/s. ). In the present study , the range of Re is extended to cover the
high-velocity duct system from 2.6 x 10° to 1.0 x 108,

The grid density in the calculation domain must be changed from the

previous section become 3 x 30 x 70 for N, x N, x N, respectively due to
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suitability of the real geometry and the computer limitations. While the
boundary conditions still maintain the same except the inlet velocity that is-
varied for 5, 10 and 20 m / s and the external pressure becomes 210 N / m?.-
The presentation of the numerical results in this section will be separated for
two aspects :

The first is the illustration of the characteristic line of the centerline mean
velocity over the length of the duct for each initial condition with':varioUs Re as
shown in figures 7.35 to 7.38. |

The second is the illustration of the mean velocity vectors around t'he

damper and some interesting areas as shown in figures 7.39 to 7.50.

7.21 EFFECT OF HIGH REYNOLDS NUMBER

Figure 7.35 illustrates the predictions of the centerline mean velocity
distribution along flow direction in a blank duct with various Reynolds
numbers. The trend of all characteristic lines gradually change from the inlet to
the outiet of the duct. The further details as figures 7.39 , 7.40 and 7.41
present the vector profiles of the mean-longitudinal-velocity in a blank duct
around the  position of L /D =18 under Reynolds number of 2.6 x 10° ,
5.1.%.10% and 1.0 x 10° respectively. It is found that the devéloping of the
core flow is shifted to the downstream side when Reynolds number is
increased. This meant that the growing of boundary-layers of the lower Re
case is naturally faster than the higher Re case at the same distance.

Therefore , it can be reasonably concluded that the length for fully developed
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flow in the blank case is extended as increase of Re which |s corresponding
with the former empirical relation (3.5) of basic knowledge in chapter IlI.

Figure 7.36 illustrates the predictions of the centerline mean velocity
distribution along flow direction of 1-blade damper With various Reynolds -
numbers. It is remarked that the air velocity in the upstream section is
decelerated due to the‘influence of a flat plate ( its size equals tO'fhe diameter
- of the duct , D ) which hardly obstructs the fiow around the center of cross-
sectional area of the duct then the velocity drop occurs particularly in case of
high Reynolds number. Subsequently , the flow is separated at the leading
and trailing edge of a flat plate then forms the region of the reversed flow as
shown in figures 7.42 , 7.43 and 7.44 for Reynolds number of 2.6 x 10° |
5.1 x 10° and 1.0 x 10° respectively. It is found that when Re is i.ncreased .
the size of the wake behind a flat plate is enlarged and such phenomena
surely more disturbs to the development of the downstream flow in case of
higher Re.

Figure 7.37 illustrates the predictions of the centerline mean velocity
distribution along flow direction of 2-blade damper with various Reynolds
numbers. It is remarked that the air velocity in the upstream section is
accelerated due to the influence of a gap between the both parallel flat plates
because the flow is squeezed through this narrow area. Mence , the mean-
longitudinal-velocity is increased to conserve the mass flow rate to be
constant over the length of the duct. Thereafter , the separations of the flows

are occured at the edges of each flat plate then produce the recirculating flow
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regions as shown in figures 7.45 , 7.46 and 7.47 for Reynolds number of
2.6 x 10°, 5.1 x 10° and 1.0 x 10° respectively. It is found similarly as 1-

‘blade damper case that the air flow at higher Re requires the distance for
developing the flow patterns , to be longer than ihe lower Re case.

Figure 7.38 illustrates the predictions of the centerline mean velocity
distribution along flow direction of 3-blade damper with various Reynolds
numbers. It is remarked that the air velocity in the upstream section is
decelerated but not strongly as 1-blade damper case because the breadth of a
middie flat plate which obstructs the flow , is decreased to be only D / 3.
Moreover , all of characteristic lines does not show in differences of the mean
velocity fluctuations for any Reynolds number with significantly as two
previously- mentioned dampers. When the flow is separated at the sharp
edges of the flat plates aé. shown in ﬁgﬁres 7.48 , 7.49 and 7.50 for Reynolds
number of 2.6 x 10° , 61 x 10° and 1.0 x 10° respectively , the
downstream flow patterns begin to redevelép the boqndary-iayers again ,
according to the numerical results of this dampér , the differences of the flow
patterns between the higher and lower Re cases can be obviously observed in
the far wake region that the trend of the development to be fully developed
flow at the lower Re case progress rapidly than the higher Re case.

In this subsection , effect of high Reynolds number has been studied and
is remarked that when the air flow past the flat plate with fixed inclination in a
square duct , the development length extends if Reynolds number of the air

flow increases. This can be explained that the separated flows left from the
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leading and trailing edge of each flat plate with the lower velc:Jcity in case of
lower Re as 2.6 x 10°. Thereafter , the adjacent separated flows reattach
again- at some distance in the downstream flow then begin to redeyelop the
velocity profiles until finally become the fully developed flow ( which still be
over the whole length of the present duct ). However , the available
information is sufficient to indicate that the trend of the development length in -
case of higher Re as 5.1 x 10° is extended dge to the adjacent separated
fiows carry the higher momentum at the separation points. Consequently ,
such flow must takes the longer distance for reattaching , recovering and
redeveloping to the unchanged velocity profiles and also the longest distance
for fully developed flow surely requires with the highest Re as 1.0 x 10% of the
air flow. |

By the way , the additional inforrﬁation of the total pressure drop , that is
predicted for each geometry , also is available here.

According to the numerical resuits | total pressure drop across the inlet
and outlet of the square duct at the same Re , approximately are 33 , 24 and
18 N/ m? for 1- , 2- and 3-blade damper cases respectively as shown in
figures 7.51, 7.52 and 7.53. This indicates that the pressure drop reduces
when the number of fiat plates increases. Due to the pathways of air flow are
increased and the obstructed surface areas are decreased , thus causing the
momentum loss is relieved then total pressure along the length of the duct

gradually drops too.
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Figure 7.13 Mean velocity vectors of air flow past 1-blade damper with 10 degree angle.
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Figure 7.18 Mean velocity vectors of air flow past 3-blade damper with 30 degree angle.



S |

ﬂmmhmﬁmmhmﬂmmhq
sﬁva\nhmmwugvm\o

Sl

Lz

.mnnﬂnhrnﬂ?'.ﬂ'nr"’

| T””TI’THnrnﬂ?'il"f”ﬂf

'?T?h?fhuu nnt‘-l?TTm

TTI'“!nnur!ﬂ‘n””””f

ﬁrh...... \ 1'.1ﬂ’|”ﬂrn
TTTI Povaras anntitiiti]

1"n. ...... .nnmu"ﬂ”
Th ettt 1 50 T
E PRI | ? ?

1

rtITT’.T’.HT?HH.‘.‘H//J-W

7.14E-82 Max:@ 1.69E+D1

Min:

- .19

1-BLADE , S8 DEGREE ANGLE

Figure 7.19 Mean velocity vectors of air flow past 1-blade damper with 50 degree angle.

123



124

ﬁNﬁ&U\Wl\hﬂlﬂ"mNﬂ@mm
&ﬂNNm*Lﬂ@I‘-@U\Sﬂﬁu

1, z

PHOTON

C L T T 1T DR |

'mn‘"nNNnnuu..

‘n.”‘"n”ﬂ".lrlnrn

mrn””‘lllnnrun

Min: 1.68E-81 Max: 1.28E+81

‘.nn'""'fhn ......... |

mﬁmnm......-..

| Tmn“fﬂun 1riray

T“m““hnulnnn
. Tﬁu“unnn sy

\ AASARTLERYR Y
NLAANL LYY S
\\\-.wu.
N\\ .

LA 4

s -,

A \\
.r1r1!th/f..—~

Figure 7.20 Mean velocity vectors of air flow past 2-blade damper with 50 degree angle.

»16.9
Z-BLADE , 58 DEGREE ANGLE

AAANAIRT)
RESRIS I AT

'“-‘i-




125

[
E Looc0OSSOMerHuHn

@g . EGNNMQ"W\QNQGQ:‘*”Q:
NN ORI

. i

f nnmmnﬂﬂnu..... Z

i

<

K

',;

R £

g

g

mﬁ‘”Tt’"h!nu.... N

£

=

m’lf’”‘trhm o

| mmm“hhum. v

| mn'mﬁ?tmm,....
| mmﬁm‘imnm......

Figure 7.21 Mean velocity vectors of air fiow past 3-blade damper with 50 degree angle.

»16.7
3-BLADE , 58 DEGREE ANGLE




126

‘( 02 = A /71 noqe ) 8|6ue sasbsp 0L Yim Jodwep speja-| jo uoibel moy Buidojaaap sy ui sapyoid Auooiea uesy 7z 2 eanbiy

27

Zi

[y
B T
L e

NN NNOOMMMET T TETNNN

NUNONTYO %D E i

§

NOLOHd

88+3P5°S (XeY @B+IZZ°Z Uiy

JTONY JIHOEd 8T ° AAvId-T

9° BT~

HE
111

it
H

i
i

H

tt




127

(0Z = @/71n0oge ) ejbue saibap o} Um Jadwep apejq-z Jo uoiBal moys Buidoaaep ayy ul sajyod AoojeA uesy £Z°2 ainbig

2]

gRoel ] |

QAN ONOANN QNS
wNNNOOOMMMET LY

J03.33f)

NOLOHd

88+JFB™9 XV BP+TLL"T Uty

TTONY JIHIAA 87 * JQqVId-Z

9°$T ¢

} r-m'
Tt

H
i

1
1

d
i

fytt

il




128

(02 = @/ 1 noge ) ejbue saibap Q) yIm sadwep ape|g-¢ Jo uoibas moy Buidojeaap sy} ui sajyoid AuoojeA uesy $2°2 anbiy

-

am .

L,

ey

wWwNNNNOGOMMETERTNNWM

.

NEMUANUNEMYONL®

J03030

5
2

B8+48L°G 1 XWY BA+TZL'Y w1y

TIONV J3H93d 8T ° Jav1d-£

9 pT <

it
1111

H
it

111
ik

H
t

i

3




129

PHOTON

' N
& "o
g@hm@hm&@mm@NmIﬂN

SoomMNNOETLLONNMO®
HENEEEEN Ry |

diEpriviis i it

dR T

Min: 3.16E-82 Max: 9.208E+88

PoCTtsESSt T,

ISR N AT AT A

- ,15.8
1-BLADE , 38 DEGREE ANGLE

Tt

Figure 7.25 Mean velocity profiles in the developing flow region of 1-blade damper with 30 degree angle ( about L/ D = 20).




130

.A.ow = @ /7 woqe ) ejbue aasbap of yum Jedwep spe|q-g jo uaiBas moy Buidojarsp ay) i sajjosd ANoojeA ueep 9z a.nbiy

2]

MONSENNRENN YN
NN ONMNMND

J03030

NOLOHJ

80+39T° 8 X T@-HZE

‘E w1y

ITINY JIHOAQ BE * IAYIE-Z
1 S

= = = — g
b= i = = =
- — b= = =
= = = = =
— — o o —
= ol P = =
—— - I tfaan At
3= = = b —
= e = = =

= =
= Py <~ o =
e L= e o= P —




131

{0z = @771 noge ) sjbue saibep O Yum Jadwep apejg-¢ Jo uoibas moy Suidojeap ay) Ul sojyod AlDoeA UBSW 227 Binbi

.

£ 3

unavamMMmETweUnnYAON
HAdMNNOMOOTCELUBNIDSD ™

03930,

g
£

PO+3GZ L 1 Xey PB+IF0

"Y1 olury

TTONY ITUSIAA O ° IAVIE-E

AR 4 o

il = - = =
by -— F3 -— —
= g — — —
f— -— == - —

= jram = = =

= = = = =
Pt -— -— -—

..

= = = = -




132

=20).

ﬁﬁﬂhﬂhﬂ\ﬁﬂlﬂl\ﬂ'\ﬂmml\m
@ﬂva@thﬁﬁgV‘m@

PHOTON

HNNEER SRR |

[T At ettt ot

P I et e 1t et e 1r e

Min: 6.47E-82 Max: 1.69E+01

Mt sty e]

I

.19
1~BLADE , 58 DEGREE ANGLE

M et aterans

Figure 7.28 Mean velocity profiles in the developing flow region of 1-blade damper with 50 degree angle aboutL/D




g
g

hNﬂ&hO}h—@Lﬂ"ﬁNﬁQmQ
@ﬁNNmﬂ‘m\D{\-mﬂ\&ﬂﬂs

Uecto

THTHIRE

N

o

!

J

T‘ TTTI‘?TTI‘TTI?mmn.«nn

[

. ””I]HHT"HH?HMH

” ” Tttt et rees

T”ﬂf’fﬁ‘.‘tfnmnm.

Tn”ﬁn””ﬂn 1r1va o

— ,16.9

2-BLADE , SB DEGREE ANGLE

Min: 1.68E-81 Max: 1.20E+81

133

Figure 7.29 Mean veloc_ity profiles in the developing flow region of 2-blade damper with 50 degree angle ( about L/ D =20).
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Figure 7.32 Pressure contours of air flow past 1-blade damper.
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Figure 7.42(a) Mean velocity vectors around the separated-flow region of 1-blade damper at Re

146
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Figure 7.44(a) Mean velocity vectors around the separated-flow region of 1-blade damper at Re = 1.0 x 10°



N

5 § | . .
E FNvcIINRNSANKRIT
' EEEENEN S

’ -

AN FIRRIN N AR EARLA LAY E

¥

«

I e b §

2]

@

™

£

b 4

IR Tttt at

TR R AN LG T T AT Y]

IS I T E e ettt et b

b M ST

B

1-BLADE , 38 DEGREE ANGLE

Figure 7.44(b) Mean velocity profiles in the developing flow region of {-biade damper at Re = 1.0 x 10° (about L/D =20).

151



Uector

"
®

OnYHAUNOYNHOWN
ﬁﬁNﬁﬂ"mm@l\-@mms

IR

A

C i asi

C iteerertst]

- Wternst!

"Ynnnﬂf

SOttt

e ti

Tittreesttstt

Uittt

Mttt

AT

R UL

Yert

Thorst
™ot

Min: 2.52E-81 Max: 1.82E+81

19

2-BLADE , 38 DEGREE ANGLE

152

Figure 7.45(a) Mean velocity vectors around the separated-flow region of 2-blade damper at Re = 2.6 x 105,



153

o
B
N Qo
5 MONTERIUND QNN §
@E isﬂﬁwrﬂmvmmwhmmms !
[ T 1T 110 e | =)
- x
3 ©
ﬁ o
—— ' [~} [}
! R Ui lnd o g
% w
£ g
: :
t SO TN ﬁ 3
&
o]
an o
| z 5
| g
P g =
- H
= .
3]
o
L N € g
ittty - 3
. ] 2
A £
] 8
- 5
(HURtErRsRONaIE . 5
8 2
o 8
& | 3
A 3
Mttt =
| )
'y
<
M~
@
>
k:




£

E jrNmvoooaNnuegnE
NN, RRAy il |

ST et §

[<}]

-

<

— N

- Tr’r;mnﬁm 3

At S

G

ittt v

E

T Mttt
it g
Attt £ g
I T TTH ’ =
ottt &
e -
. 11 )

: ?11:.1“? E
. ',1':‘.,\ =

154

Figure 7.46(a} Mean velocity vectors around the separated-flow region of 2-blade damper at Re = 5.1 x 10°,
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Figure 7.49(a) Mean velocity vectors around the separated-flow region of 3-blade damper at Re = 5.1 x 10%,
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