MACHINE-BUILDING AND TRANSPORT
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THE OPERATION OF COMPLEX MECHANICAL SYSTEM IN MOTOR
TRANSPORT

The paper considers the operation of the fan as heat pump. Proceeding from the analysis of
general scheme of fan operation transformation factor is determined. In the process of fan blades
interaction with the environment the following problems are considered: impact mechanism of
separate molecules of air, emerging centrifugal forms and hydrodynamic forces, caused by
Bernoulli law. It was established that the power, consumed by the fan, depends on rotation
frequency not on cubic power in 3/2 power with further transition into linear coupling.
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Introduction

Nowadays the reasons of energy crisis are limited natural hydrocarbon fuels (peat, coal, oil, gas)
and prices growing for these types of fuel. Many attempts are made to find the way out. Special
attention is paid to methods of obtaining maximum conversion factor of one type of fuel into
another. Researches aimed at usage of low-potential heat with application of heat of the
environment applying heat pumps are carried out in this sphere.

Automobile as any other transport vehicle, moving in Earth atmosphere must be considered as
complex energy system of open type. During the process of interaction of moving transport vehicle
with the environment either energy transfer from moving object to the environment may occur, or
vice-versa — environment transfers its own energy to moving object.

During movement of the transport vehicle its interaction with the air environment takes place.
Fan is a connecting link for energy transfer «moving object — environment» or «environment —
moving object»:

Therefore it is necessary to find out:

what interactions appear during the process of flow formation by the fan;

to determine the conditions when the fan passes into heat pump operation mode

to elaborate algorithm and programme for computer simulation of the fan operation as heat pump

Publications survey

Nowadays practically revolutionary situation has appeared in power engineering when intensive
searches for new methods of energy obtaining and conversion started [3]. Conditions when complex
system becomes open are realized during the heat pumps operation. In [4] it is shown that while
operation of heat pump the environment is an active medium. Let us consider fan operation as open
system, used for cooling different heating elements in complex power system.

Main part

Let us consider the interaction of air flow with the blades of the fan. We will present the blades
of the fan in the form of one fourth of ellipsoid surface with large half-axle a and minor half-axle b.
Large half-axle with radius »y composes angle a. Axis X is directed along half-axle a, and axis Y —
along half-axle b. Start of counting we will locate at distance r from rotation axis.

In such arrangement, as shown in Fig. 1, air will be drawn from the environment into vacuum
zone with sound velocity

V= KE, (1)

Yo,
where x — is relation of heat capacities at constant pressure and constant volume, P — is the pressure
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in the environment p — is air density.

Fig. 1. Blades profile and their arrangement

At sound velocity v, each module of air will collide with clusters, formed by crystal state of the
substance, blades of the fan are made of. Share of energy, that will be transformed, in case of
resilient interaction, form the molecule of air to the cluster of fan blade, taking into account
connection energy, in first approximation is [6]:

Mi
o= MM @
2M +m,)
where M — is mass of cluster.

Each cluster takes the impacts of air molecules, the flux of which is formed in preset direction
with sound velocity. In this case, conventional convective heat exchange is realized. Air, reflected
from the blade is cooled to the value

—2
AT =T -0 3)
2k,

Here T — is the temperature of ambient air.

It is important to define, under what angle fan blades should be placed to provide air cooling by
total interacting plane of the blade, and such cooling will create maximum increase of the moment
at rotation axle of the fan.

Approximate scheme of fan blade flow depending on rotation direction is shown in Fig. 2.
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Fig. 2. Flow scheme of fan blade while its rotation:
a) in the direction of concave side and b) in the direction of convex side

When fan blades move by their concave side, they seem to capture the flow (Fig. 2. a).
The character of air molecules interaction while fan rotation in the direction of concave surface
of the blade is shown if Fig 3. Direction of rotation is shown by the arrow. For concave surface at x

distance along large half-axle the impact of molecules with the surface occurs under J angle.
It follows from Fig. 3, that
o0=n/2—(a—o);
Y 4
=a—-0,

and normal and tangential velocities equal correspondingly:

Fig. 3. Scheme of air molecules interaction
with fan blade while concave side rotation

v, (x)=27rncos(d');
v, (x)=27rnsin(o"). (5)

Force of action on dx element is defined by three components: impact of air molecules of normal
components, centrifugal influence of tangential components and action of Bernoulli’s law as a
result of tangential motion of air along concave surface, Only the impact of air molecules should be
overcome, and the energy must be spent on formation of air flow over the balance

If axle Z is directed along the blade by radius 7y, then, air mass during time d¢ starts to interact
with width element of the blade d/ of the following value :
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sin(o")
cos(y) (6)

dm = p,dldzsin(d")vgdt = 2 rnpydxdzdt

Here: dI = ldx* +dy* =dx/cos(y), and angle y is determined by the derivative from ellipsoid
curve at a distance x along large half-axle of ellipse.

Time dt =dl/v, = dx/[2zrncos(y)sin(o")].

Taking into account (5) and (6) all three forces influencing the element of blade width d/, are
perpendecular to the radius of fan rotation. The fan must overcame all these three forces, and they
are equal:
sin(&")cos’(8")

cos(y)
sin’ (&) cos(d’) dx
sin’ (&)
cos(y)

Here: dl = +/dx” +dy* = dx/cos(y), and angle y is determined by the derivative from ellipsoid
curve at a distance x along large half-axle of ellipse.

Time dt =dl/v, = dx/[2zrncos(y)sin(d")].

Taking into account (5) and (6), all three forces influencing the element of blade width d/, are

perpendicular to the radius of fan rotation. The fan must overcame all these three forces, and they
are equal:

dF,,,. =47z r’n’p,dxdz

spec

dF, = 47°r’n’ p,dxdz (7)

dF, =27°r’n’ p,dxdz

sin(&")cos’(8")
cos(y)

sin’(8")cos(8") dx
s’ (y) T

sin’ (&)

cos(y)

Here r — is the radius of blade element form rotation axis equals:

dF.,,. =47 r’n’p,dxdz

spec
dF, = 47°r’n’ p,dxdz (7)

dF, =27°r’n’ p,dxdz

r= \/[ro +ccos(a +arctg(b/a)—ccos(a + arctg(y(x) /(a— )c))]Z +¢? sin? (a+arctg(y(x)/(a—x))

And in its turn ¢ =+a® +b*,

a — is the angle less than 45° of blade setting on the axle of fan rotation; 7., — is radius of
curvature of ellipsoid surface at a distance x along large half-axle a, determined from the equality of
the derivative for ellipse and circumference

It follows that,
v, =AJat 1D+ (@ 1D 1) . (8)
The resultant force is double integral of the form
o dx dz
Fop == j j (dF e + dF + dFy) =, ©)

And resultant moment of forces:
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ah
dx dz
M, =—”(dFspec+dFC+dFB)r77. (10)
00

Temperature increase of the air as a result of impact action of fan blades occurs maximum at
_ mAn’Rn’

6k,

IfR=0,1 mand n=100Hz AT~ 1,7 K. Such temperature change of the flow can be neglected.

AT (11)

Fig. 4. Scheme of air molecules interaction with fan blade while convex side rotation

If the fan rotates in the direction of convex surface (Fig. 2 B) only one force counteracts
motion, and the rest of forces that emerges as a result of fan rotation is directed in rotation
direction. That is why energy consumption at the preset speed is drastically reduced especially if
rotation speed of the fan increases.

The character of air molecules interaction while fan rotation in the direction of convex surface
of the blade is shown in Fig 4.

. The direction of rotation is shown by the arrow. For convex surface at distance x along large
half axle the impact of molecules against the surface occurs under the angle J.

It follows from Fig. 4 that

o=rm/2—(y+¢,—-9);
S'=y+py—¢ (12)
normal and tangential speeds equal, correspondingly:
v, (x)=27rncos(d');

v, (x)=27rnsin(o").

(13)
The force of impact on element dx is determined by three components : impact action of air
molecules of normal component, centrifugal action of tangential component and the action of
Bernoulli law due to tangential motion of the air along convex surface . Only impact action of air
molecules must be overcome.
If axis Z is directed along the blade , then the air mass during time df will start to interact with
the element of blade width d/ nac of the following value:
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dm = pydldzsin(8"y,dt = 2 pydxdzdt 0. (14)
cos(y)

Here dl =+/dx* +dy* =dx/cos(y), and angle y is determined by means of derivative of
ellipsoid curve at the distance x along large half axle of the ellipse. Time
dt=dl/v, =dx/[2rrncos(y)sin(d’)].

Taking into account (13) and (14), all three forces ,acting on blade length element d/
perpendicularly to fan rotation radius equal:

=2 ! !
dr,,,. = 4ﬂ2r2n2p0dxdzw;
' cos(y)
.3 !
dF,. = 47°r*n’ p,dxdz S 2(5 ) ﬁ; (15)
cos™(7) 7.,
.3 r
dF, = 27r2r2n3p0dxdzm.
cos(y)
Resulting force represents double integral
ah
dx dz
F;on :'(‘)‘_0[ (_ F;pec+dFC+dFB)779 (16)
And resultant moment of forces:
ah
dx dz
M., ZH(— F,.. +dFe +dFB)r77' (17)

Temperature increase of air due to the impact of fan blade will occur in accordance with (11)
maximum on A7 ~ 1,7 K. Such variation of flow temperature can be neglected. Behind the concave
side of fan blade only continuous flow emerges and interaction with the environment is rather
complex process. Vacuum zone behind continuous flow is filled with the air in mutually
perpendicular directions, as it is shown in Fig. 4, along the radius of rotation and perpendicularly to
this radius of rotation, taking into account linear velocity of blade rotation. Angle, under which air
flow is propagated, is determined by (34).

Proceeding form Fig. 4, filling of vacuum zone occurs in two different zones differently.
Separation of the first and second zones, depending on rotation rate of the fan takes place at the
distance x., ; and is defined by means of solution of non-linear equation:

2,2
b\/l —(a=x, ) /a ( csin(a +arctg(b/ a) j (\7—272'1"}’[
arctg = arctg +arctg| ——

— j—a. (18)
(@a—x,1) 1y +ccos(a +arctg(b/ a) v

Exact values, depending on fan rotation frequency are given in Table 1. The obtained values
Xeur.1, for the second zone is upper limit of integration.
In the first zone two flows with mutually opposite motion are met. As a result, hydrodynamic

pressure equal 0,5pv°=0,76 atm appears. In external side on allocated element of the surface the air
moves with the speed

v, =2xrnsin(y + @, — @) (19)

and creates hydrodynamic pressure 0,5pv.. The difference of these pressures determines the
resultant moment and power correspondingly
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N= jnnp(v 2 SO0 =)y (20)
cos(y)

Xeur

In the second zone air molecules bombard the internal surface at the distance x along large half-

axle a under the angle 6", that equals:
b\/l—xz/azJ @1

a—Xx

=B-7; 5’"=ﬂ+¢o—¢—arclg[

Normal and tangent speed of impact of air molecules against concave surface of fan blade are
determined as:

=vsin(d"); v, =vcos(d"). (22)

The mass acts on length element of ellipsoid surface of the blade d/

Am = pdldzv sin(8")dt , (23)
where dt =dl/v, =dl/vcos(d").
Proceeding from (21) — (23) impact forces on length element are expressed as:
_, sin*(8")cos(8")
cos(y)
AF,. = pdx*dzv’ sin(8")cos(8")cos(8™) /[cos* (¥, ]; (24)
AF, = pdxdzv’ cos’ (8")cos(6™)/ cos(y).

AF, . = pdxdzv

spec

The resultant force is perpendicular to rotation radius

F, - jj (AF,. +AF + AF) 292, (25)
And moment of force :
dxdz
AF,  +AF +AF . 26
res 2 .([ J. ( spec ) ah ( )
Power corresponds to such moment of force:
N,=2znM,,,. (27)
Air flow, rejected by the fan, is cooled on average, by:
AT — J- Om, (v —2xrn)’ dx (28)
2k, a
The time of complete filling of vacuum zone in continuous flow:
ceos(a +
L, = —(‘7 ) > (29)

where angle 7 =arctg(b/a); R= \/[”0 +ccos(a+n)]F +csin*(a+n) — is radius of rejected

surface by the blades and 7y— is radius of fan circle.
During time #;; the blade of the fan will shift by the angle

@y =27nt, . (30)

Here n — is the frequency of fan rotation.
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At the set speed of fan rotation during time ¢ the blade will shift at the angle ¢. If angle ¢ is less
than angle ¢, then continuous flow is created at a certain distance x from the edge of the blade.
This distance can be found by means of solution of non-linear equation:

csinfa+n)—c,sin(a+n")
: Ly (31)

arct
2rn (ro+cc0s(a+77)—c,cos(a+77’)

where ¢, = \/x2 +b*(1-x*/a*) iy = arctg(bx/l —x*/a* la - x)).

Let us carry out computations for fan blades, made of aluminum in the form of ellipsoidal
surface, dimensions of large half-axle being a = 5 cm, small half-axle » = 2 cm and radius of the
circle ro = 5 cm. The radius of the surface at the angle of inclination of large half-axle relatively
rotation radius a = 32° equals 9,265 cm.

Aluminum cluster is a simple cubic structure, consisting of seven tree-atom molecules Als, that
corresponds to facet-centered structure of aluminum crystal. That is why the mass of aluminum
cluster equals 21m,my = 21-26,98-1,66-10'27 = 9,41-10'24 kg (m, — is atomic weight of aluminum,
and my — is the mass of one unit of atomic weight. At elastic collision of air molecules with
aluminum cluster the share of transferred energy equals ® = 0,097.

Zone of continuous flow is formed behind the convex part of fan blade. Completely the zone of
continuous flow is formed during the time, defined by the equation (29). It equals 9,2:10” sec. Critical
rotation frequency 844 Hz corresponds to this time. Fan blades must rotate with supersonic speed, completely
continuous flow to be created behind the fan. Inn case of subsonic speeds of rotation continuous flow will be
created, but only in small area. This area is determined by means of solution of non-linear equation (31).
Table 1 contains distances at which continuous flow emerges at various rotation speeds.

Table 1
Location of the point of flow breakdown at large half-axle depending on rotation frequency

Parameters Rotation frequency, Hz
30 50 60 75 100 200 300 400
@o,_degree. 1,00 1,66 2,00 2,49 3,33 6,65 9,98 13,30
Xew, €M 0,92 1,01 1,06 1,12 1,23 1,66 2,12 2,63
Xowrs, €M 2,95 2,84 2,79 2,70 2,55 1,84 0,97 0

It follows form Table 1, that at small rotation speeds continuous flow is created in the proximity
of axle part of the blade. Laminar flow is performed before the point of breakdown. Flow speed is
stipulated only by rotation speed of the fan. In this case impact mechanism of interaction is absent.
Only centrifugal forces and forces, emerging as a result of pressure reduction in accordance with
Bernoulli law are realized. These forces, acting on blade length element d/ equal:

AF,. =2p7°r’n’(R—r)(p, — ¢ )dxdz cos(d) L
cos(y) .,
5 s (32)
AF, = 2p7°r’n’(R—r)(p, —qo)dxzm
cos(y)

where » — is radius of point x rotation on large half-axle a, ¢ — is the angle, overlapped along the are of
continuous surface, angle 0 = a + @9 — @. These forces create rotation moment, opposite to rotation
direction of the fan, that equals:

M= [ -(4F, AR, B (33)
a

»»»»»

Vacuum, created in continuous flow is filled with the air in mutually perpendicular directions, as
it is shown in Fig. 4, along the rotation radius and perpendicularly to rotation radius, taking into
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account linear rotation speed of the blade. Angle, under which air flow propagates, equals:
p= arctg(ﬂj (34)
v

Air molecules bombard external surface at the distance x along large half-axle @, under the angle
that equals:

0=n/2-6"0"=(a+pf-9). (35)

Normal and tangential speeds of air molecules impact against concave surface of fan blade
equal:

v, =vsin(d"); v, =vcos(d’). (36)
Mass acts on the element of ellipsoid surface length d/ of the blade

Am = pdldzv cos(6")dt , (37)
where dt =dl/v, =dl/vcos(d’).
Proceeding from (34) — (37) forces of action on length element will have the following expression:
_, sin(8')cos’(5')

AF, dxdzv ;
spec. = pax cos (7/ )

= pdx’dzv’ sin’ (&' )cos(5') /[COSZ(]/)I"KP_],' (38)
AF, = pdxdzv’ sin’ (5')/ cos(y ).

The resulting force is perpendicular to rotation radius

Yar & dxdz

F.= | [@F,, -aF- AF)= (39)
00

and moment of force:

Xewr h
dxdz

M, = [ [(AF,, —AF - AF)r (40)
0% ah

Power, consumed by the fan, in accordance with (40) equals:
N, =2nnM,,; . (41)

Power, consumed by the fan, depending on the frequency of rotation, in accordance with general
definition, must depend proportionally to the third power of rotation frequency. In reality, this
dependence is proportional approximately 3/2 and it decreases with the rotation speed increase and
changes into linear dependence. This is the result of the impact of numerous forces on the blades of
fan. These forces emerge as a result of their interaction with the environment. Consumption power
slightly reduces with the increase of fan stages.

The fan rejects the air perpendicularly to the plane of the rotation. Each blade of the fan forms
the speed of air stream rate:

0= (72721 @)X (42)
0 a

With the increase of the rotation rate , the speed of rejected air drops almost according to linear
law. Maximum rate of rejected air occurs at small rates of fan rotation, that is why, systems,
operating in fan mode, function at small rates of their rotation. If such systems are used as vortex
thermal pump, then the efficiency of their application
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- )
y = 0 +2Q112;-AT/ma . 43)
v
Here, Rr= 8,3144 J/m,-K — universal gas constant.
At rotation rate 10 Hz transformation factor is 2,10% and at 100 Hz — it is 1,36%. At such
transformation factors, it is not expedient to use the fan as heat pump. That is why, fans in
automobiles are widely used for cooling the body of operating internal combustion engine.

Conclusions

General scheme of fan operation is developed, method of transformation factor of such an open
system determination is substantiated. Types of interactions emerging in the process of air stream
formation, have been revealed. Conditions when the fan switches to heat pump mode operation
have been determined. Algorithm and programming tools required for modeling of fan operation as
heat pump have been elaborated.

REFERENCES

1. I'peunxun JI. U. Asponunamuka manopasmeproro BJIA / JI. U. I'peunxun, JI. A. Caxapyk, A. b. Cusamiko //
Proceedings 4™ International Conference on SAUAV-2010. — 2010. — P. 39.

2. TanykeBuu A. C. Paborta TypOun B kauectBe TeruioBoro Hacoca // A. C. Tamykesuu, JI. . I'peunxun
I'paxxnanckas aBuanus XX1 Bek: CO6. mMarepuanoB | MexayHapoIHOW MOJIOACKHONW HaydHOU KOH(pepeHnuu 23 — 24
anpeins 2009 r. — Ynpanosck: YBAY T'A — 2009 — C. 9 - 10.

3. I'peunxun JI. U. CoBpemennas sHepretuka. IlyTh u MeTombl pa3BUTHs M INPUMEHEHHE Ha TpaHcropTe /
JI. U. T'peunxun, Kyup H. // Haykosi HoTatku. — 2010. — Beim. 28 (mait 2010) — C. 162 — 165.

4. I'peunxun JI. W. Ionmyuenue u npeoOpazoBaHMe 3HEpruM B OTKpHIThIX cuctemax / JI. M. I'peuuxun //
Ounepreruka. — 2004. — Ne 4. — C. 76 — 81.

5. ITnemmeres H. B. ®u3uka Bo3aeiicTBUSI MOHHBIX IMy4KoB Ha Martepuainsl / H. B. TlnemmBues, A. Y. baxun — M.:
BysoBckas kHura, 1998. —392 c.

6. Ctracenko A. JI. ®uznyeckue ocHoBbl nosieta / A. JI. Ctacenko — M.: Bropo kBanTym, 2005. — 256 c.

Kuts Nadiiya — Cand. Sc. (Eng)., Assistant Professor with the Department «Automobiles and

transporting facilities», e-mail — Kuts n@mail.ru
Lutsk National Technical University.

Haykogi npaui BHTY, 2010, Ne 4 10



