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ABSTRACT: The paper presents the flow field of the Bio-centrifugal pump with particular emphasis on the flow
inside the clearance gap between the rotating impeller and stationary casing, and the passages between impeller
blades. No vortex formation is observed within the clearance gap. A strong washout mechanism is found in the gap
around the starting of the splitter plate of the double volute. This has further suggested that thrombus formations are
minimal in the gap and hence the pump is able to function nominally efficient as compared to other centrifugal pumps.
On the other hand, recirculation flows are found to appear in the impeller passages due to the splitter plate. However,
their existences are in short time interval such that their effect on the blood should be neglected.

1. INTRODUCTION

Hemolysis prone to occur when erythrocytes are subjected to high shear forces especialy at the
region of sudden flow directional change. Thrombus formation could happen in low velocity or
recirculating regions. Therefore, different aspects of investigation are necessary for the eventual
development of centrifugal blood pumps for long-term and implantable cardiac assist device [1]. In
general, most of the measurements have been limited due to technical difficulties so that little has been
revealed of the flow within blade passages and small gap between the impeller shroud and the pump
casing [2]. This could be understood from the fact that intrusive measurements are extremely difficult and
non-intrusive measurements are limited by the optical access. The focus of this study is to understand the
flow field inside the impeller passages and the clearance gap using non-intrusive technique. Low velocity
and recirculation flow regions could then be identified. Shear stresslevel has also been estimated from the
velocities obtained.

2. MATERIALSAND METHODS
The prototype bio-centrifugal VAD designed by Professor K. Akamatsu (Kyoto-NTN MSCBP) [3]

consists of two volutes in the pump casing with a splitter plate that starts from 6 = 180° is shown in
Figure 1. The fluid at the upper half of the pump (8 = 0° to 180°) is discharged through the outer volute
and the fluid at the lower half of the pump (6 = 180°to 360°) through the inner volute. The VAD model in
this investigation is five times scaled up based on dimensional analysis and flow conditions (i.e. the head
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to facilitate the measurements [4,5]. The pump casing and the front shroud of the impeller are made of
acrylic and highly polished to boost up the optical access.

coefficient (

The impeller comprises 16 radial blades, with the entrance angle, B, of 0° and the trailing edge angle,
[3, of 90°. The blades are sandwiched by two disks to form an impeller with two shrouds. Figure 2 shows
the schematic geometry of the impeller. The radial extent of each blade begins at the inner radius of
65mm and ends at the outer radius of 125mm. Four selected blades, which are 90° apart, has larger
thickness to accommodate the fastening screws of the front shroud.

Blood analogue, used as the fluid medium has similar viscosity (0.34x10° kg/ms) and density
(1060kg/m?) as blood. Moreover, the refractive index of the blood analogue is similar to the pump casing



Fig. 1: Schematic sectional view of the bio-centrifugal Fig. 2: The detail dimension of the impeller

and impeller shroud material. This could make the non-intrusive measurement possible by transmitting
the laser through the pump casing and impeller without optical obstruction.

A four beams two components fiber optic, together with 0.5W Argon air-cooled laser LDV system of
TSI Incorporated, operating in a backward scattered mode is used to measure the respective velocity. The
natural contaminants inside the blood analogue appear to be sufficient to produce high validation data
rate. The laser beams transmit from the front of the pump, through the transparent front shroud of the
impeller. The measurement volume of the laser is placed within the passage of the impeller.

The ensemble-averaged velocities are collected with 2000 sample data points and the sampling
duration is set at 20 second. The velocities within the gap (1mm) between the impeller shroud and the
pump casing are measured at seven different radii and angular locations at the interval of 5 degree.
Tangential and radial direction components are measured simultaneously. Then the resultant velocity
magnitude, V and the flow direction, 6, are obtained by combining them. The velocities within the
impeller passages are measured with the assist of encoder and the rotating machinery resolver module
(RMR). The shear stress distribution is then estimated by using the velocities obtained with the

expression of I, = /J(la_u + a_V - X) , Where T,gis the shear stressin N/m? W is the viscosity of the

rog or r
working fluid, which is 0.34 x 10° Kg/ms, V is the tangential velocity in m/s, U is the radial velocity in

m/s, B isthe anglein radian and r is the radial positionin m.

The pump runs at 200 rpm and delivered about 80 I/min of fluid at the pressure of 32 mmHg during
the velocity measurements. These are equivalent to about 5 I/min of output and at the pressure of 100
mmHg in the prototype. Figure 3 shows performance curves for the 5:1 model with blood analogue,
prototype with Glycerol solutions and prototype with bovine blood. It is found that the performance curve
of the scaled up pump model follows closely to those of the prototype using Glycerol solution and bovine
blood.

3. RESULTSAND DISCUSSION

Figure 4 shows the resultant velocity vectors in the clearance gap. The vector magnitude, V is
represented by the vector length with a scale factor of Grid Units/Vector magnitude equals to 10. The tail
of the vector is positioned at the point where measurements were taken. It could be observed that the flow
is generaly in tangential direction with dightly tilted towards the eye of the impeller, except those in the
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Fig. 3: Pump performance comparison between the model and the prototype

region from 6 = 120° to 8 = 220° (around the region of the starting of the splitter plate), which are more
towards the eye of the impeller. The higher flow rate in this region has formed a washout mechanism that
isrequired and is essential to flush the blood in the clearance gap to the eye of the impeller and reenter the
impeller passages and the volute. Figure 5 shows the schematic of the blood flow path in the VAD. Blood
that stagnated in the gap could cause thrombus formation [6]. It could also be observed that there are no
traces of flow reversal or vortex formed in the gap.

Fig. 4: Velocity distribution in the gap between the impeller shroud and the pump

The high flow rate at the region around the starting of the splitter plate is due to more fluid left the
impeller passages as a result of through-flow characteristic. This could be observed in Figure 6, which
shows the mean value of the angle-resolved relative velocities in the impeller passages. The vector length
represents the magnitude by a scale factor of Grid Units/Vector magnitude equals to 7. On approaching
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Fig. 5: Schematic of the blood flowing path at inlet, impeller passages and the gap

Fig. 6: Angle-resolved velocity distribution within the impeller passages

the starting point of the splitter plate, the flow in the impeller passages is blocked again, and the through-
flow characteristic disappear. The fluid that is entering the gap is reduced gradually and flows less in
radial direction.

The flow in the impeller passages could be broadly divided into four quadrants separated by the
thicker blades. The flow in quadrant 1 is nearly similar to those in quadrant 3 while the flows in quadrant
2 are nearly the mirror image of those in quadrant 4. The flow in quadrant 1 and 3 are restricted and
partially become reversing flow, subsequently formation of vortices. The cutwater at 6 = 0° has blocked
the fluid to enter the volute partially in quadrant 1. While the splitter plate is responsible for restricting the
flows at quadrant 3. The recirculation flows increase the risk of hemolysis and thrombus formation due to
expected high shear stress and stagnation flow. However, these high shear stress regions should not be the
critical regionsto cause hemolysis and consequently thrombus formation. The impeller turns continuously



at the speed of 2000 rpm in the prototype. The recirculations in quadrant 1 and 3 are transient and will
disappear, then transform to washout flow when these passages enter the region of quadrant 2 and 4
where the through-flow characteristics exist. Note that the flow in quadrant 1 and quadrant 3 are not
completely blocked, some of the flows appear to ‘squeeze’ into the discharge volute at the suction side of
the blades.

Obvious through-flow characteristics could only be observed in quadrant 2 and quadrant 4. The
magnitudes of the velocities inside the passages are generally higher than those in quadrant 1 and
quadrant 3. The through-flow characteristics are essential as it could flush the blood to the volute and thus
prevent the erythrocytes from being trapped in the impeller passages and over exposed to high shear
stress. The impeller is turning at 200 rpm in the scaled-up model and ten times higher in the prototype,
which is 2000 rpm. Therefore, it takes only 0.0075 second for an impeller passage which is carrying
vorticesin quadrant 1 or 3 to reach quadrant 2 or 4 to form the through-flow characteristics. Note that, the
flow in quadrant 2 and quadrant 4 follow the blade geometry with small departure from the blade
curvature at the suction side of the blades. The flow skews toward the front face of the blades (pressure
side).

Figure 7 shows the shear stress distributions within the impeller passages. In general, the shear
stresses are found to be low and fall within the range of 0.02-0.6 N/m? (0.45-13.56 dyne/cm?® in the
prototype). However, some high stresses could hit as high as 0.9 N/m?. The high stress is found in the
region where the recirculation existed. However, these high shear stress regions should not be the critical
regions to cause immediate hemolysis and consequently thrombus formation. The occurrence of
hemolysis highly depends on the exposing time of erythrocyte to high shear stress and the condition of the
contact surface. The short high shear exposure time for the erythrocyte due to the through-flow
characteristics in quadrants 2 and 4 would keep them substantial, direct and immediate disruption on the
erythrocyte by high shear could be prevented. It was reported by Treichler [4] that blood would remain
healthy by exposing up to 1500 dyne/cm? for less than 10° second. However, in fact, the high shear stress
isincreasing the speed of aging of the erythrocyte.

Fig. 7: Shear stress distribution within the impeller passages



4. CONCLUSION

The results show that no recirculation flows appear in the gap but they do appear in some of the

impeller passages. The resultant velocity vector in the gap indicated a good washout of blood appeared
around the region of the starting of the splitter plate. The washout mechanism would flush the fluid in the
gap towards the eye of the impeller. The double-spira volute design has significantly affected the fluid
flow and the shear stress distribution in the clearance gap. The location of the splitter plate and the
cutwater are decisive on the washout mechanism of the pump. On the other hand, the splitter plate has
influenced the flow in the impeller passages and caused reversing flow. Based on the finding in this
investigation that aforecited, the Kyoto-NTN MSCBP could be predicted to have a higher merit of pump
performance with has relatively low level of hemolysis and thrombus formation.
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ABSTRACT: A number of wind-turbine-generators installed in various parts of Sri Lanka have not been functioning
at efficiency levels expected from them. This study was carried out to predict the performance of a wind turbine-
generator, and to check whether the failures are really due to mismatch of the wind rotor and the generator. A two-
bladed small-scale wind turbine-generator has been developed for battery-charging applications. For a wind-turbine-
generator to maximise its energy output, the characteristic performance of the electric generator coupled to it should
match with the characteristic performance of wind rotor. The performance of the wind-rotor developed for this study
is theoretically predicted by considering the vortex system of the wind-rotor by using blade element theory and
momentum theory, where the geometrical parameters (3, C) of the existing blade are used.

According to the final results of this study, the performance of the wind-rotor is not properly matching with the
permanent-magnet generator used with it. The performance curves of the wind-rotor and the generator were used in
determining the curve of real power output of entire system at different wind speeds.

1. INTRODUCTION

In certain rural areas of Sri Lanka, battery-charging-wind-turbine has been identified as a viable off-
grid power system, instead of costly electrification, for homes. In this context, National Engineering
Research & Development Centre (NERDC) of Sri Lanka has developed a two-bladed, small-scale wind-
turbine-generator for battery-charging applications.

This simple unit consists of a two-bladed wind-rotor directly coupled to a permanent-magnet

generator. An inclined-hinged-tail vane is installed for both self-orientation of the wind-rotor to wind
direction and for power control at wind speeds greater than the rated wind speed.
A number of wind-turbine-generators have been installed in the country, but most of them are not
performing to the expectations. This study was carried out to predict the performance of a wind-turbine-
generator, and to check whether the failures are due to their mismatch. To maximise energy output, the
characteristic performance of the electric generator should be matched with that of the wind rotor.

2. CHARACTERISTICS OF THE WIND ROTOR

In the analysis of the characteristic performance of a wind-rotor, the main parameters are thrust force
on the rotor, torque generated by the rotor, and rotational speed of the rotor. These parameters should be
found at different values of wind speeds in order to analyse the characteristic performance of the wind-
rotor. This is very important when it has to be coupled to an electric generator. A wind-rotor, in general,
is designed so that optimum energy conditions are satisfied at a given specific tip-speed ratio. But in
practise wind rotors do not always function at optimum conditions. It may run at various other tip-speed
ratios.
Power output of this wind-turbine-generator was evaluated for different wind speeds. The main objective
here is to theoretically find out the C, values for different A, values of the NERDC wind-rotor.
Geometrical parameters of the rotor are presented in table 1. Performance of the existing wind-rotor can



be analyzed by using the blade element theory (BET) and momentum theory (MT). This rotor consists of
two blades with Profile NACA 4415, The radius of the rotor is 1105 mm, and the hub radius is 105 mm.

Table 1: Geometrical parameters of 2-bladed wind rotor at NERDC

Section Radius (mm) Chord length (mm) | Blade angle, B (degrees)
1 155 189.2 22.0
2 255 177.7 19.5
3 355 166.2 17.1
4 455 154.7 14.7
5 555 143.2 12.3
6 655 131.7 9.8
7 755 120.2 7.4
8 855 108.7 5.0
9 955 97.2 2.6
10 1055 85.7 0.2

2.1 Blade Element Theorems and Momentum Theorem

Energy extracted from the wind is transmitted through the rotor in the form of torque, and the air is
acted upon with a reactive torque that makes the wake to rotate opposite to the rotor motion. This implies
that the downstream air consists of rotational kinetic energy, which is not included in the axial momentum
theory. Indeed, this energy component represents a part of energy in air, which could not be absorbed by
the rotor. Therefore, a more realistic value for C,,, can be derived by the inclusion of wake-rotational
effect [,
It should be noted that the wake-rotational effect is the main case for low C, values in low-speed wind-
rotors. These rotors impart higher reactive torques on the wind, than high-speed rotors, which result in
higher wake-rotations leading to higher losses. Figure 1 shows the basic configuration of the flow through
a wind-rotor with wake-rotation. The rotor speed is denoted by ®, and rotational speed of the wake given
by € varies along the radius r.

v
dr
v, V2
—> — —>
£ (Wake rotation)
Wind rotor

Figure 2: Velocity diagram of
Figure 1: Flow behind the rotor with a blade element

wake-rotational effect

As seen from figure 1:
Downstream of the rotor, the rotational speed of the wind flow is Q.

Hence, Q= hw,
The axial speed through the rotor can be derived.
Let, V2 =k V]

where, V; - wind speed, / - radial flow interference factor and
k - axial flow interference factor.



As seen from figure 2:

p=a+p ey
coté _U_ w.r.(l+h) (2)
Vo V.(1+k)
= (o.r/V). (1+h)/(1+k)
= A (I+h)/(1+k) (3)

2.2 Aerodynamic Performance

The performance of the wind rotor is theoretically predicted by considering the wake-rotation of the
wind-rotor by using blade element theory and momentum theory, where the geometrical parameters (3 -
blade angles, / — chord lengths of each blade elements) of the existing blade are used. The characteristic
performance of a wind-rotor is usually given by the variation of power coefficient (C,) with respect to tip-
speed ratio (Ay).

Calculation of axial thrust and torque:
Considering the blade element theory, axial thrust dF is given by:

%.p.l.Wz.b.CI.cos((p —&).dr

dF =bd.Fo= 4)
cose
Aerodynamic torque, dM, is given by:
b dF %.p.l.r.Wz.C/.sin(d) —e)dr )
Ccos€E
where, C,  -coefficient of lift, C; - coefficient of drag, tan €= C,/C,
p - air density, b - number of blades of wind rotor

and W - wind speed relative to the wind rotor, / — chord length of blade element

The above two values, dF and dM, can be determined by the general dynamics theory. Consider the axial
momentum of the flow through the annulus:
Thrust = (rate of mass flow, m, through the element) x (change in the axial velocity).
Then, axial thrust, dF = p. mr.dr.V, .(1-k’) (6)
Aerodynamic torque,
aM =p.r P dr. V. (1 +k) Q
=p.r.dr.oV,. (1 +k).(h-1) 7

Comparing the expression for dF derived by blade elementary theory with that derived by momentum
consideration given in equations (4) and (6 leads to, after substituting for W,
2r V2 (1-k*).cose _8mr.(l—k).cose.sin’ ¢
W?.cos(¢ — €) (1—k).cos(¢p —¢€)
Similarly, comparing dM given in equations (5) and (7),
2xrVi(l+k).(h—1).cose _4mr.(h—1).sin2¢.cose

Cibl=

Cbl=

W sin’ (6 —e) (h+1).sin(@ — £)
After rearrangement to get the following:
1-k _ Cibl.cos(p—¢) (8)

1+k 8m.r.cose.sin’¢
h—1 _ Cibl.sin(¢—¢) ©)
I+h 4rmr.sin2¢.cose

The wind rotor is divided in to equal 10 sections and C, value for each section was calculated by using
the iterative procedure. The curve of coefficient of lift (C)) and of coefficient of drag (C,) verses the angle




of attack () of the blade profile NACA 4415 was used for this calculation "*). Then, coefficient of
performance of the wind rotor segment at radius » (C,,) with respect to different tip speed ratios (4,) was

calculated.

CPrZ

R
P=[Cyprrdry? =Y, Gpa RV

— =22 a+k).(h-1
prrdryV’ ( M )

(10)

an

Then, coefficient of performance of the wind rotor (C,) is given by,

2 R
Cp = FJ‘C Pr.}".dr

(12)

Coefficient of momentum of rotor (C,,) is defined by,

C =

m

Table 2: Theoretically calculated

performance of the wind rotor

Tip-Speed

Ratio (Ay) Cp Cm
0 0.00
1 0.04 0.04
2 0.12 0.06
3 0.21 0.07
4 0.30 0.08
5 0.37 0.07
6 0.40 0.07
7 0.39 0.06
8 0.34 0.04
9 0.25 0.03
10 0.13 0.01
11 0.00 0.00

0.49
0.42
0.35

_ 028

021
0.14
0.07
0.00

(13)
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Figure 3: Performance curve of the existing

NERDC wind-rotor

3. CHARACTERISTICS OF PERMANENT MAGNET GENERATOR

In this wind-turbine-battery-charging unit, the wind-rotor is directly coupled to the permanent
magnet generator. Power absorption by the permanent magnet generator at different rotational speed is
found by using a torque meter. The load for the generator is a bank of 12V-batteries and the prime mover
is an induction motor driven by a variable-frequency inverter. Characteristic performance of the

permanent magnet generator is presented in table 3 and figure 4

B)



Input Power (W)

Table 3: Characteristic performance of permanent-magnet generator (PMG) with 12V battery bank

Speed (rev/min) | Torque(N.m) | Power input (W)[ Power output (W) Efficiency %
200 2.59 52.1 0.6 1.2
225 2.7 63.9 3.8 5.9
250 3.2 82.9 10.2 12.2
275 34 97.7 19.7 20.2
300 4.0 127.9 35.2 27.5
325 4.5 154.0 42.6 27.6
350 4.7 174.1 55.8 32.0
375 4.9 195.5 67.4 34.5
400 5.6 236.9 82.1 34.6
425 6.5 292.0 92.6 31.7
450 6.8 319.8 106.2 33.2
475 7.0 348.9 118.5 33.9
500 7.5 390.9 129.5 33.1
525 7.9 435.7 140.2 323
550 8.4 482.2 149.4 30.9
575 8.6 517.7 162.2 31.3
600 8.6 540.2 169.3 31.3
600 40
500 st et bl T
'l - //(_- [] 30 R
400 - % BN
. 1 B
300 r L 20 5
200 1 K ,// =
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Figure 5: NERDC permanent magnet
Power input(W) generator
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Figure 4: Characteristic performance of
permanent-magnet generator



4.

COMBINED PERFORMANCE OF THE WIND ROTOR AND THE PERMANENT
MAGNET GENERATOR
By considering the curve of C, versus A, of the wind rotor, the power output of the wind rotor

corresponding to each wind speed can be found out. Then, the generator and the rotor performance curves
of the wind turbine-generator system can be plotted, as shown in Figure 6.

.
Y (13)
v, Power output
1000 - - = -Efficiency
/\\QV‘?“?‘“ 150 15
_ S TN X
750 2 100 - ! - 10z
2 10Ws 5 N /. ; 3
5 500 Z 50 ' 1P E
% /s (=¥ ] M~ ~ =
A~ 550 h{/s 0 o
B%ﬁ me ut 0 2 4 6 8 10 12
o Z s \ | Wind Speed (m/s)

Figure 7: Output power characteristics and

0 200 400 600 800 1000 . . .
efficiency of NERDC wind turbine

Speed (rev/min)

Figure 6: Generator and rotor performance curves of
NERDC wind-turbine generator

The curve of power output verses rotational speed of the wind rotor at each wind speed and the curve of
power input Vs rotational speed of the generator is plotted in the same graph. The generator power input
curve should pass through the maximum points of the power output curves of wind-rotor at each wind
speed, if they properly match.

5.

CONCLUSION
By considering the combined characteristic graphs (Figure 6), it is evident that generator power input

curve is not passing through the maximum points of the wind rotor characteristics curves. It means that
the wind turbine-generator is not performing at the optimum condition. To match the wind-rotor and
generator, these two should be coupled by using a suitable speed-increasing gearbox or the wind rotor or
generator characteristic performance should be modified to tally each other. Power output characteristics

of

the wind turbine with this type of passive controlling design at wind speeds higher than the rated value

are complex. The prediction of such characteristics is not a part of the present study. Therefore, it is
assumed that the inclined-hinge tail-vane with side-vane mechanism works ideally such that the power
output above the rated wind speed remains at 100W until the cut-off wind speed is reached. Variations of

oV

erall efficiency of the system together with the effect of power modulation can be observed in Figure 7.
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ABSTRACT In this paper we consider fully developed steady laminar flow through a toroidal pipe of small
curvature ratios. The solution is expanded by computer in powers of Dean number. and the series extended by means
of symbolic calculation up to 18 terms. Analysis of these expansions allows the exact computation for arbitrarily
accuracy up to 50000 figures. Although the range of exactness is almost the same order of the radius of convergence
but Pade approximation lead our result to be good even for higher value of the Dean number.

1. INTRODUCTION

We adopt Dean's co-ordinate system(r, &) reference [1] and his normalization: Lengths are referred to

the radius a of the pipe, and the velocity w down the pipe to the maximum speed W(,:Ga2 /44 in a

straight pipe under the same axial pressure gradient G=L ™' Op/0¢ but the stream function ¥ for the
secondary motion is referred to kinematics viscosity V (which mean that transverse velocities are
referred to V /a). then in the approximations of negligible helicity and loose coiling the Navier-Stokes
equations for incompressible fluid reduce to( dean’ equation (15)-(18) reference [1])

V2W+4:l£_8_y/6_W+6_y/6_W) (1)
r\( 06 or or 060
V41//+KW(00598—W—Slnga—szl(—a—Wﬁ+a—W£JV2 2)
or r 06 r\_ 08 or or 06
0
W=l//=—l//=0 at r=1 3)

where



2. SERIES DERIVATION AND COMPUTER EXTENSION FOR SMALL CURVATURE,
a /L<<1

If the pipe is straight that K is small, the nonlinear terms on the right hand side of equation (1) are
negligible and the first approximation is linear:

W =1-r" ©)

As auther in [1] mentioned one can systematically improve on this approximation by expanding in
Powers of K according to:

= K K ez N K
W =W+ (W +( ) W+ ;Wn(576) (5)
o K e K Ky oSy (Ko
V=)D e ;m%) (6)

By plugging (5),(6) in to equations (1) and (2) and equating like powers of K one obtains:

v, = (4}"—9r3 +67° —r7)sin(6’)
_[4979r2 255r% 810 4% 310 9p2 M
, = - A

+ + sin(26)
5600 112 40 5 16 350 1120

_[_114834261r 6788264291 76529r>  3038603r” 538211r”
V37 7172480000 310464000 23520 | 940800 224000

286821t 1073 37953r"° 1221107 16301r"° 242097 ) |
- + - + - sin(0) +
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We have found 18 terms exactly by means of symbolic language (confirmed by numerical calculation of
Vandyke [2]), however for saving space only we report the result for the Flux ratio as defined as the ratio

of the flux F, through a loosely curved pipe to the flux F'_ through a stationary pipe with the same

pressure gradient. Its series has the form:
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3. ANALYSIS OF SERIES AND DISCUSSION

Pade approximants has been used in original forms to enable us to increase the range of applicability of
the series as has been used in the works of Mansour [4] and Mansour[3]. This method does not
necessarily require any information about the radius of convergence. The Pade approximants provide an
approximation that is invariant under an Euler transformation of the independent variables. The theory of
Pade approximants has been used extensively in Mansour [4]. Briefly stated, the Pade approximant is the
ratio P(K)/Q(K) of polynomials P and Q of degree m and n, respectively, that, when expanded, agrees
with the given series through terms of degree m+n, and normalized by P(Q)=1. Such rational fractions are
known to have remarkable properties of analytic continuation. The coefficients of the power series must
be known to degree m+n. By equating like power of g(x) and P(K)/Q(K), the linear system of m+n+1
equation must be solved to obtain the coefficients in the functional form P(K)/Q(K).Pade approximation
of orders [0/1], [1/2] are respectively:
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When we form the ratios [0/1], [1/2], [2/3],[3/4] and [4/5] of the Pade approximants, It can be shown ,

W.a,a
they agreed up to the value K =1300 (k=1.35). White [5] introduced k* = 2(—"—)* 7 which is
14

based on the actual mean velocity W, down the pipe. This conclusion is confirmed as is plotted from the

ratios [0/1] and [4/5] versus k in Figure 1.
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Figure1. Experimental and Numerical friction ratios for various
curvature ratios
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4. CONCLUSION

This work is concerned with the problem of flow through a loosely coiled pipe .In this problem, then by
using symbolic language like MACSYMA we have fund some terms of their corresponding Stokes
expansion. we then obtained 16 terms exactly by means of symbolic calculations and agreed with the
values given by work of Vandyke [2] up to 16th figure of accuracy. Then we tried to make analytic
continuation by using Pade approximation. By doing so, we are successful to increase the range of the



validity of the series from zero up to K = 1300 (The radius of convergence is about 584 as was found
accurately by Vandyke [2]) and our results are exact calculations up to arbitrarily figure of accuracy . In
other words, we have solved the nonlinear partial differential equation exactly by means of computer and
that is a real success. .

A major difference between series extension method Vandyke [2] and those of other analyses is in the
asymptotic behavior of the friction factor as the Dean number K and hence k increases. The prevailing

opinion has been that the relationship goes as f, / f, ~ k V2 (supported by numerical works of [6] and [7]
), whereas Vandyke [2] found that f, / f, ~ k 4 Ramshankar & Sreenivasan [8]] for this curved pipe

problem tried to make fine experiment to match the series extension would have to satisfy that is the flow
to be fully developed at high Dean number namely bigger than 500 and laminar a/L less than .03. But his
result adds another mystery to this paradox and they obtained data, which lay closer to the series
extension method than. the previous experiments of [ 5],[9],[10].

As Vandyke[2] has found the friction ratio grows eventually as the 1/4 power of the practical Dean
number based on the actual mean flow speed down the pipe, rather than the 1/2power predicted by four
different approximate boundary layer models Adler [11] collision of two layers and Ito [12], Mori &
Nakayama[13], Smith[14], Dennis&Riley [15] suppress it and Barua[l6] believes on separation
Vandyke[17] in this article put the whole thing as an paradox. Jayanti&Hewitt[18] has gone further even
questioned the result obtained by Vandyke[2] . These controversial results made us to do exact
calculation in this article and we hope first attempt for exact calculation of much higher Dean number.
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ABSTRACT: With the running speed of trains raised, the air resistance sharply increased, and energy was
over-consumed; at the same time a larger aerodynamic lift occurred, which resulted in the “floating” of the train and
consequant derailment. A greater aerodynamic lateral force also occurred, which affected the lateral stability of train.
In this paper, on the basis of the numerical computation, wind tunnel tests, moving model tests, and full-scale train
test results, an analysis was carried out on the effect of the nose shapes of the train to the air resistance, lift and lateral
force on the high-speed train. The research shows that the train with single arch nose is slightly better than a double
arch in decreasing aerodynamic resistance; the absolute value of resistance and lift force on the train with bottom
cover are far less than that with skirt plate. The train with the double arch nose, however, is slightly better than the
single arch in reducing aerodynamic lateral forces; and the position at which the lateral force acts on the double arch
nose train is lower than that for the single arch nose train, so that the former has better lateral stability.

1 INTRODUCTION

The train is a large long object running on ground at high speed; a series train aerodynamic problems
exist, which are different from those in airplanes and aerospace. There are some special problems that
affect train aerodynamic performance in China’s high-speed railway, such as two trains passing by each
other, ground effect, and complicated environment. Therefore, in the developing the High Speed Train,
studies such as train aerodynamic numerical computation, wind tunnel tests, moving model tests and
theory analysis should be carried out. The following aspects had been studied: train aerodynamic
resistance and air lift, horizontal air force, train surface pressure distribution, air pressure pulse from two
trains passing by each other and flow field around train.

There are two types train nose shape in the train design. One is the single arch where, except from
bottom flow guide plate, the largest outline of head longitudinal section is a protruding streamline shape.
The other is the double arch where the largest outline of the head longitudinal section is formed as two
segments of protruding shape and one segment of concaving shape linking the other two segments.

There are three bush the bottom shapes for the head, the trailer and the end car. In the first shape, a
mantle covers the bogies two sides and the car bottom, which make the car body bottom slick (except the
bottom of the bogies); this kind of structure is simply called car bottom mantle structure. In the second
one, between bogies and on the truck side frame, the outside baffle-like skirt is fixed on the girder border;
then the bottom equipment is confined between two skirt baffles; this structure is called bottom skirt
baffle structure. The third structure has no car bottom mantle or bottom skirt baffle; all the equipment is
under the bottom of the car body and exposed to open air.



2 AIR PRESSURE PULSE FROM TWO TRAINS PASSING BY EACH OTHER

The air pressure pulse is an aerodynamic problem that exists only in high-speed railway
transportation, but not in the airplane, aerospace and highway transportation. It is a transient load due to
pressure impact; its negative and positive peak values appear within about several tens of milliseconds.
The factors which affect the air pressure pulse are mainly: the train speed, track interval, car body width,
boundary layer thickness, train shape(include nose shape and car body section outline and train
configuration. The peak value seriously affects high-speed railway safety, passenger comfort level, and
project investment for building and maintaining railway lines.

2.1 The Influence of Head Shape to Air Pressure Pulse from Two Trains Passing by Each Other

The outcome of moving model tests showed that the air pressure pulse from two trains passing by
each other are almost equal for double arch and single arch nose. for equal velocity of the two trains
passing by each other, the air pressure pulse of the double arch nose train is a little smaller then the single
arch nose.

According to the numerical computation and full-scale tests, the length of the train head has a large
influence on the air pressure pulse from two trains passing by each other. The longer the train head, the
smaller the volume of the air pressure pulse.

2.2 The Analysis of Air Pressure Pulse Endure by Power Train Windows

According to the numerical computation and full-scale test, when high speed train running at a speed
of 280 km/h passing by another train running at 200 km/h, air pressure pulses of 611 Pa and 780 Pa occur
separately on the high speed train head locomotive windows and end locomotive windows; while those of
flank windows are 706 Pa and 883 Pa. The reason why the air pressure pulses differ is mainly because
along the length of the train, the boundary layer becomes thicker, the effective space between the passing
trains becomes smaller, and thus the air pressure pulse amplitude is larger. Also, under the influence of
train boundary layer, the front windows and side windows of end locomotive driver room endure a larger
air pressure pulse than the windows of head locomotive driver room.

2.3 Pressure Changes in the Carriages

From data measured by the pressure sensor fixed in the carriages, pressure in the carriages changes
not only with the carriage airproof performance but also with the tiny distortions of train window because
of the pressure change outside.

3 TRAIN AERODYNAMIC RESISTANCE

As train speed increases, air resistance becomes the main resistance for the running train. In China,
when traditional trains with blunt head run at 120 km/h, air resistance occupies about 40%; When the
speed-improving train runs at 160km/h, this percentage rises to 70%. Therefore, experts on train
aerodynamics in the world are searching for measures to reduce the air resistance to reduce energy
consumption. The factors affecting air resistance of running trains are speed, shape (include the head and
end part shape, the car body configuration, the figure of every part), train surface lubricity level, etc.
Research results on air resistance are listed in table 1.



Table 1: Air resistance of the train (without crosswind)

Resistance Coefficient (Cx) Train
Head The train aerodynamic Car body sh
type flead Trail car | End car forme(_i of 2 resistance ar body shape
car locomotive and )
9 vehicles
2 Car bottom mantle
Train 0.211 0.08 0. 251 1. 182 0.61 .VS structure
with 2 Car bottom  skirt
single 0.232 0.121 0.279 1.6 0. 825 .Vs baffle structure
arch vV 2 Car bottom without
nose 0. 305 0. 162 0. 376 2.139 1.103. s mantle & skirt
2 Car bottom mantle
Train 0.22 0. 086 0.24 1.234 0. 636 .VS structure
with 2 Car bottom  skirt
double 0. 242 0.129 0. 266 1. 669 0. 861 .VS baffle structure
. 0.318 | 0.164 | 0.359 2.153 1112 | Car bottom without
nose ’ ’ ’ ’ ot ls mantle & skirt

3.1 Compare of Double Arch With Single Arch Nose

Under every combinatorial state, air resistance of the front car for the single arch nose is slightly
smaller than that for the double arch nose. As the single and double arch nose shape affect car body air
flow in different ways, the aerodynamic resistance on the trailer of double arch nose train is slightly
smaller than that for the single arch. The aerodynamic resistance of end car, single arch is, however, a
little larger than for the double arch. When head and end cars have the same nose shape, the aerodynamic
resistances are almost equal, with the resistance of the single arch nose train a little smaller.

3.2 Effect of Bottom Shape on Aerodynamic Resistance

Comparison of the effects of car bottom mantle structure, car bottom skirt baffle structure, and the
structure without mantle & skirt, we find that with the car bottom adopting the skirt baffle structure,
instead of the car without mantle & skirt structure, the aerodynamic resistance of the head car reduces by
24 percent, the middle car by 25 percent, the end car by 26 percent, and the full train by 25 percent. When
the bottom of the car body has the mantle structure, is compared to that without mantle & skirt, the
aerodynamic resistance of the head car reduces by 31 percent, the middle car by 51 percent, the end car
by 33 percent, and the full train by 45 percent. When the head and end car bottom with skirt baffle
structure, and the trailer bottom with a mantle structure, is compared to that without mantle & skirt
structure, the full train aerodynamic resistance reduces by 37 percent. Thus in order to reduce the
resistance, the bottom of the car should append covering.

3.3 The Influence of Crosswind

When crosswind exists, the head, the end car and the trailer endure the larger resistance. Compared
with the condition without crosswind, when crosswind speed is 15m/s and train speed is 270 km/h, the
aerodynamic resistance of the head car increases by about 14%, the trailer, by about 46%, the end car, by
about 20%, and the full train, by about 38%. When crosswind speed is 25 m/s and train speed is 200 km/h,



the aerodynamic resistance of the head car increases by about 13%, the trailer, by about 68.3%, and the
end car, by about 38%, to the full train, by about 60%. Thus, crosswind has a strong influence on
aerodynamic resistance.

4 TRAIN SURFACE PRESSURE DISTRIBUTION

In order to improve passenger comfort level, wind exiting and inhaling locations for air conditioning
and cooling system and air exchanging system must be rightly selected. The selecting srules are: wind
inhaling location should be arranged in positive pressure area; wind exiting location, in the negative
pressure area. Otherwise, the air conditioner cannot draw fresh air as the train surface has negative
pressure, and cooling water would flow into carriages due to the positive pressure. In addition, from the
train surface pressure distribution, we can apply the flow mechanism of flow field around train to improve
the train aerodynamic performance. Train surface pressure distribution is affected by the speed, shape and
environment around train.

(1) With train speed above 180 km/h, the flow state enters the self-simulating region, as the surface
pressure coefficient has no relationship to speed (it becom constant), while the absolute pressure
coefficient for the carriages shows a moderate rise in the speed.

(2) The surface pressures at the end walls are all positive; and the pressure values in the wind
direction and opposite to wind direction are nearly the same. On the end walls, pressure distribution is
uniform and stable so that they are the ideal locations for air conditioner air intake.

(3) With the exception of the end wall, the pressure of all car body surfaces is negative, and all
points in any section have almost the same pressure. But, at the bottom of car body and around the
transition arc, the negative pressure is a little larger when train speed is 270 km/h, it is about 390 Pa,
where it will be of help to exit the wind of air condition equipment..

5 TRAIN AIR LIFT

The absolute value of train air lift rises as the square of the speed. In the high speed train, which
belongs to the wheel-rail system, if positive lift is excessively large, the wheel-rail contact load will
reduce, causing the train to be lifted and possible derailment; but if negative lift is excessively large, the
dynamic axle load will rise to produce greater impact from train to rail. Because air lift is mainly
determined by train shape, in order to obtain the excellent running performance, the train air lift should be
chose to zero as much as possible in the design of the train shape. The research results on train air lift are
listed in table 2:

(1) Comparing between the single and double arch nose, for air lift, the single arch nose is a little
better than the double one when without crosswind; but with crosswind exists, the double arch nose is
slightly better than the single arch. As a result, the single and double arch nose have similar performance
on air lift.

(2) Comparing of bottom shapes. Without crosswind, the air lift of the front car bottom with mantle
structure is less than or near to zero, but with skirt baffle structure, the absolute value of air lift would rise.
For the trailer, with mantle structure, the air lift will be below zero; but with skirt baffle structure, the
value will be above zero. At the same time, when the end car bottom has a mantle structure, the air lift
will be far lower than that of the skirt baffle structure produced. In general, the absolute value of air lift



with mantle structure is far lower than skirt baffle structure does.
Table 2:  The train air lift (KN)

Train speed: 270km/h | Train speed: 270km/h | Train speed: 200km/h
Head | Crosswind speed: 0 m/s | Crosswind speed: 15m/s |Crosswind speed: 25m/s| Car body
type | Head Trail car End Head car|Trail car [End car flead Trail car|End car shape
car car car
Train Car bottom
R -2.368 |—1.353 |6.09 | 19.736 | 28.232 |21.879 [34. 632 29.290 | 25. 371 mantle
vith structure
single Car bottom
arch | o g40 | 1,241 [8.346 | 22.819 | 35.562 |23.307 [37.582 35.684 | 27.434 | skirt baffle
nose structure
Train Car bottom
R -2.444 |-1.316 [6.353 | 18.082 | 28. 232 [22.856 [31.662 29.496 | 25.577 mantle
with
structure
double Car bottom
arch |9 939 | 1.241 [8.721 20.901 | 35.562 |24.322 [34. 137 35.891| 27.434 | skirt baffle
nose structure

(3) With crosswind, the head, the end car and the trailer are all have larger positive air lift than that
without crosswind. With a crosswind speed of 15 m/s, and a train speed of 270 km/h, the aerodynamic lift
of the head car rises to about 9 times, that for the trailer, to about 20 times, the end car, to about 3 times; if
the crosswind speed is 25 m/s, and the train speed is 200km/h, the head car aerodynamic lift rises to about
12 times. So, the crosswind has serious effects on the magnitude of air lift.

6 TRAIN TRANSVERSE AIR FORCE

The train running direction is rarely parallel to the environmental wind direction, so, in the windy
environment, the train wind and the environment wind can be added to be one wind, acting on the vehicle
at an angle. Also because the aweather and dead wind side of the vehicle will produce a non-symmetry air
flow, this will produce a transverse force. The magnitude and its point of acting of the resultant force (this
is also the pressure center) is determined by environment wind speed and direction, the vehicle shape and
size. The location of acting of the transverse force is not the center gravity of vehicle, and is usually
above the rail surface. If the location is nearer to rail surface, the lateral roll moment of the vehicle will be
smaller, and the vehicle transverse stability will become better.

Based on the wind tunnel test results, we may compare the single and double arch noses. For head
car, the transverse force values are almost the same, but the transverse force of the train with double arch
nose has a lower point of action, thus, the train with double arch head car has better transverse stability.
For the trailer, the single arch nose train and the double arch nose train have similar transverse force
values and acting location, so that the nose shape has little influence on the trailer transverse force and
acting location. For the whole train, the double arch is slightly better than the single arch.

7 CONCLUSIONS

(1) The longer the streamline length of train head, the less will be the air pressure pulse from two
trains passing each other, and the aerodynamic resistance. This will improve the aerodynamic
performance of train.



(2) The air pressure pulse of the double arch nose train is less than the single arch nose train, but the
aerodynamic resistance is greater than the single arch nose train, and air lift is nearly equal to the single
arch nose train, while its transverse stability is better than the single arch nose train.

(3) Crosswind has a strong influence on aerodynamic resistance and lift.

(4) The end walls of the trailer and the drive car have a positive pressure, and hence the end walls
are the ideal locations for the air condition wind inhaling.

(5) The bottom of car body and around the transition round arc have negative pressure, and are
suitable locations for the wind exiting of air condition.
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