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This thesis describes an experimental study of the air flow
in the ventilating ducts in the stators of electric motors and/or
generators of a conventiona1‘design. The objective was to facilitate
prediction of local heat transfer coéfficients in ventilating ducts.
" Various flow phenomena were observed and compared with theoretical
Dredictions. While the theory usually used for similar cases was
found to be inapnlicable, a related theory was found that checked
well with experimental results. A stall phenomenon was observed
under certain identified conditions. Useful relationships for
predicting the flow details were obtained. The relevance of the

work is discussed and future work is nronosed.
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NOTATIONS

duct width
air gap channel width

coefficient of mixing zone width
coefficient of contraction

a function, defined when introduced where
necessary,x takes different meanings

ordinates of sources and sink in the & plane

general expression for f, g, etc.

static head, sometimes subscripted - inches of water
a function defined in (16)

source strength

static pressure, sometimes subscripted to identify
location or state

rate of volume flow, sometimes subscripted

ratio of density to density at N.T.P. (.075 Tb /ft’)

distance along mixing zone

transformation parameter
complex velocity

X, ¥y direction components of velocity

velocity, sometimes subscripted to identify location
comnlex notential
coordinates of a point

complex location of a point

ratio of pressure drop to dynamic head in jet
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Subscripts
1
2

transformation pnarameter

dimensionless distance across jet
dimensionless distance across mixing zone
density

potential function

coefficient of flow in mixing zone

stream function

dimensionless pressure integral from (20)

upstream end of air gap - B in Figure 5
downstream end of air gap - Cin Figure 5
at vena contracta - EF in Fiqure 5

downstream end of vent-duct
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FLOW IM VEMTILATING DUCTS OF ELECTRIC MACHIMERY
by L. C. Galloway
GENERAL APPROACH AMD PRELIMIMARY OBSERVATINNS

Introduction

With a high-speed computer the temperature distribution
in the armature of an electric motor or generator can be calculated
if values of heat generation, thermal conductivity and heat transfer
coefficients are known. Unfortunately, these parameters and, in
particular, the coefficients of heat transfer from the stator surfaces
to the ventilating air, are not well-knoun.

It is reasonable to precede the study of the heat transfer
coefficients with a detailed investigation of the flow of the ventilating
air. Such an investigation is the subject of this thesis. Its objectiVe
was to discover the details of flow in the conventional radial stator
ventilating ducts.

The strategy of the investigation involved four steps. The
first sten was to build a model of a ventilating duct simulating, as
nearly as feasible, the conditions in a nrototype motor. The second
was to observe the flow occurring in the model. The third was to
develon a mathematical theory of the flow observed. Finally,
quantitative measurements were to be obtained to test the theory.

The flow patterns discovered were surprisingly comnlex and
will significantly affect heat-transfer phenomena. The theories
qua]]y used for this tyne of flow (free stream theories) were found
to be inanplicable. However a theory of anparently general application

was found which checks well with the observations.
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Model Description

Figures 1 and 2 show the model that was used which was an
accurate reproduction of a typical ventilating duct used in a 5000 hp
motor. The duct was the portion ABCD between two spacers (or 'vent
fingers') and was divided at the air gan end into two smaller ducts by
the block which simulated the armature coil. A blower drew the air
through the ventilating duct at various velocities typical of those
used in practice.

In an actual motor a vent duct is only one of a cascade of
such ducts around the periphery of the stator. Partial ducts, called
guards, situated on each side of the duct which was tested, simulated
this condition. Air was drawn through these by a separate blower.

A channel crossing the inlet end of the ventilating duct
simulated the air-gan. Air was drawn through it by another blower at
various velocities which were tynical of about half the peripheral
speed of an actual rotor.

Figure 3 shows the model, test rig and instruments.

Visual Tests

Various methods of flow visualization were tried.

Smoke proved to be useless at the air velocities used in
the model because it was dissipated too ranid]y. A short tuft of
thread attached to the end of a thin wand was useful for roughly
determining local flow directions and disturbances. The most useful
method was to inject particles of farina into a region known to be
quiescent and to observe the paths of these particles,

Ideally the particles used for flow visualization should



have a density approximately that of air but this was not feasible to
achieve. Farina was the most useful and convenient material tested
since it is reasonably free of dust, consistent in size and has little
tendency to stick to surfaces. Its terminal velocity is about 3

feet rer second, or about one-tenth of the lowest air velocity baing
observed, and therefore it followed the air streams closely enough to
show the main features of the flow natterns.

Visual Observations

YWith some variation the flow pattern had similar features
for all test conditions excent when the duct was stalled or when no
flow was induced in the air gap.

Yhen external means were not used to induce flow in the air
gan, air entered the vent duct as it would into a sharp-edged orifice
separating from the four corners of the entrance and flowing with a
symetrical velocity distribution. However, when flow was induced in
the air gan the pattern changed drastically to that shown in figure 4.
In each duct flow separated at corner A and entered the duct with a
high velocity jet that contracted to a vena contracta at E.

Examination of tuft behaviour revealed that a senaration
~occurred from the left wall just downstream of the vena contracta.

At that noint the jet senarated from the wall to cross the duct and
reattached to the wall at F about 1 1/2 to 2 duct widths from the
entrance. Usually the jet was not dissipated when it had reached the
point of reattachment and it started back across the duct. There was
a spiral motion in the flow downstream from the reattachment.

Between the corner of separation and the point of reattachment,



was a relatively auiescent zone which was bounded by the jet.

Stalling Condition

When the mean duct velocity was very low and/or the air
gap velocity was very high the flow in the duct on one side of the
armature coil stalled. This always occurred in the left duct of the
model. A1l the flow passed on the other side of the armature cdi].
This stall would nrobably impair the cooling of the stator and the
flow rate at which it occurs might occasionally be used in actual

machines,



MATHEMATICAL ANALYSIS

Existina Mathematical Theories

The extensive Titerature on discontinuous flow and free-stream-
1ine solutions contains mathematical theories for the observed flow pattern.

(1) (2)(3)

In particular the theories developed by McNown and his associates
at the Towa Institute of Hydraulic Research are attractive. These described
flow in a channel with a lateral connection closely corresponding to the
air gan and ventilating duct. In their theories a free streamline was
postulated and defined to be a streamline dividing a high velocity notential
flow region (the jet) from a quiescent wake. The static pressure was
postulated as continuous across and uniform along the streamline. The
velocity in the jet was therefore reauired to be constant along the free
streqm]ine, from the point of separation to the vena contracta. The
momentum change in the system was then equated to the integral of
pressure about the system. The pressure integral was evaluated using a
series of conformal transformations and,ultimately,narametric equations
were found relating the dimensions of the channels, the various velocities,
and the contraction coefficients.,

Unfortunately, measured values from tests on the vent-duct model
did not even approximately agree with the predictions of these equatfdns.
Further tests on the vent duct model revealed the reason. In the vent-
duct model a free streamline, in the sense defined above, did not occur.
Instead the high velocity jet was separated from the quiescent zone by
a mixing zone across which the velocity change occurred. The width of
this zone increased from zero at the entrance to about 30% of the duct

width at the vena contracta. At the entrance the static nressure changed

5



neqligibly across the mixing zone. However, toward the vena contracta

the mixing zone sustained a large pressure difference between the jet and
the quiescent region. Accordingly, the nressure and the velocity were not
uniform in the jet along the boundary streamline as was postulated in the
free-streamline models. |

Pronosed Theory for Vent Ducts

Instead of using the free-streamline theory one can postulate a
theory in which the velocity along the bounding streamline is allowed to
vary. The theory can then be developed in a manner similar to that used
by Mctown and his associates but some empirical data might be required
to comnlete the solution.

Consider the flow pattern shown in Figure 5 with the following
assumntions:

(1) Fluid enters the channel across a plane B with a uniform
velocity, Vi and uniform pressure across this plane. Part of the fluid leaves
crossing nlane C with a uniform velocity, Voo and the remainder leaves
across plane EF across the jet with a uniform velocity, vj.

(2) The fluid is incomnressible and the flow is steady and
bodv forces are negligible.

(3) In the region bounded by ABCDEFA flow is irrotational énd
viscous losses are negligible.

(4) At location A the static pressure is constant across the
mixing zone AFG at some value, D Elsewhere the mixing zone can sustain
a difference of pressure.

Use the following definitions for a general point for which x
and y are the coordinates of the point and Vy and vy are the»x and y

comnonents of velocity.



Location z is defined by
z = X+ iy (1)

Complex velocity u is defined by

i =g - vy (2)
The potential function ¢ is defined by
e 2% S 4
Vx X Vy 3y (3)

The stream function y is defined by

w 0¥ e
Vx Y Vy X (4)

Finally, the complex potential w is defined by
w o= ¢+ iy (5)
Now it can be shown that, for irrotational flow if the above

definitions are used, (e.g. Robertson (4) page 85)

5—;_’~= u (6)

Bernoulli's Theorem, with the assumptions of negligible losses,
and uniformity of velocity and pressure at plane B, gives for a general
point in the region ABCDEFA, 2

p

nNj <
N

Fp = o5 +h (7)
where v, and pj are the velocity and pressure at the jet, plane EF. 1In

J

particular at A there is a velocity, v_, in the y direction and, since the

a
‘pressure at A is P by postulate, then
2 -y
¥ vj
P + P o~y ¥ P; (8)

From the condition of continuity and assumption of negligible

density change

v]b = v2b + v Cca (9)



The momentum integral theorem states that, for the assumed
conditions, the force equal to the summation of pressures and stresses
integrated over the boundary equals the net rate of momentum convection

out of the boundary. In particular, in the x direction

v.2 pCa = S pdy (10)

J g ABCDEFA
where Cc is the contraction coefficient defined by

vihere Qj is the flow rate from the jet.

The integral in equation (10) can be evaluated in three parts,

;] pdy = s pdy + fpdy + [fpdy (12)
ABCDEFA A..D Do F F..A
First consider the integral S pdy
A..D
Using (7) and noting that
2 . .- e 2
PR Ml vy

(vx - ivy)(vx + ivy)

=y (vx + lvy) from (2)
= u (%§-+ i %%) from (3)
and that along boundary A..D
29 4 = 9 46 =
4 7y dy = 0, Ju 5y dy S udé
leads to
fpdy = (pj+%vjz)a - 15 sude (13)



Ju
A..D
This can be found

To evaluate

required.

{ .
"

and

4

d¢ the relationship between u and ¢ is

by two conformal transformations.

2
( u/v; )

1/2 (t +

1

t

)

(14)

(15)

For convenience the values of the u, t and ¢z at various points

are depicted graphically in Figure 6.

D' is the stagnation point that ends

the streamline dividing the flow to the lateral from that continuing down

the channel and

is close to but not generally coincident with D.

convenience the values of these points in terms of the several parameters

are tabulated in Table 1.

TABLE 1
Variable A B C D' EorF
u -iva -iv] -iv2 0 vj
2 2 2
t -(va/vj) -(v]/vj) -(vzlvj) 0 +1
2 YV 2 V. 2 Vi 2 Vi 2 Ny 2
1,.Va j B i j e j +
e [HED HED Y | SHE D | HED Ay | = | H
A vj va 2 vj v] 2 vj vy
= f =g

These transformations are conformal and therefore sinks and

sources in the physical plane are conserved in kind and magnitude in the

transformations to the ¢ plane.

by superposition of known solutions.

In the ¢ plane solutions are readily found

In particular the complex potential

in the half plane of ¢ caused by'a source of strength m at location tg On




10
the real axis is
wo o= ';r"-Ln[c-col
Therefore by superposing similar expressions for a source of
strength bv] at B, a sink of strength bv2 at C and a sink of strength
Ccavj at E, in the ¢ plane, an expression for w is found

W= %—(b vyln[c-fl-Ca vy Ln [c-1]-bv,Ln[c-gl])

Along the boundary A..D in the z plane the stream function y is

constant. Therefore

dp = 0
and
dw = d¢ + i dy = d¢
whence, differentiating equation (16) gives
1 bv1 CC a vj bv2
et = | Ty s oY LT L
But z =—]2-{(U/vj)2 + (vj/U)z}
2
u V.
and so dz = ( wiadbe Y du (17)
W
J
whence,
ude = %—( bv] Hf[u] - Cca H][u] - bv2 Hg[u] ) du (18)
where (2_92 " (!i)z
V. u ‘
= 3
Holar] v o (19)

“ Y 2
(V—) - 2e+ ("‘l)
: u
J
Then, an approximate equation for the integral is

V. - .
fpdy = a(oj+o——32——)-o;1;(bv1 I He[u] du

A..D -iva
o o
- Cca v ! H][u] du - bv, s Hg[u] du) (20)
-iv -iv

a a

(16)
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The anproximation consists in using zero for the velocity at D, the upper
limit of integration.

The integration and substitution of the limits are given in
appendices 1 and 2 and are somewhat laborious, but when completed they
give

v.?

.
a(pj+‘)2)

I p dy

2 2

X (vqv, + v Tanh" [v /v,] + 7

2 Tan

Tanh~ [(v v])/v ])

[vy/v; 1) (21)

Cca'(vavj + 2vj

- b (v2va + v22 Tanh™ [v /v 1+ v Tanh ][W vz)/v ])}

The second comnonent from equation (12) is simply

£pdy = gl (22)
D..F

since Vj was assumed constant and this implies that Dj is constant across

EF,

The solution of the third component, s p dy, is more difficult

F..A
since it is not know how p varies with y along AF and so it must be evaluated

emnerically. Consider a hypothesis that the relationship between p and
y along AF is similar in various flow conditions except as scaled by the

factors (p_ - pj) and (1 - Cc)a. That is, hynothesize that

S

- A y
e F [n] where n 17_:_5275
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or

1
rpdy = - -CJlafog-py) s Flnldn - (1-Capy

F..A 0 (23)
- (1 -Cadlpg - ps) ¥ + ps)

where v is to be found experimentally.
Substituting the integrals from equations (21), (22) and (23),
using Bernoullis equation (8) and the continuity relation equation (9), and

simplifying leads to

G, * %—— %'(Fb [b/a, Vi v2] -2 8 Tan'1 [Va/vj])
1~ v. 2 (24)
c a
w et (Rhe el ) ¥
J
where Fb [b/a, Vi v2]
) i P 3 2
= b/a ( (z7) Tanh™' [v,/v,] + Tanh [(vav])/vj ]
J
Y - 2
- (de Tanh [VZ/Va] - Tanh [(vavz)/vj 1) (25)

\]

Equation (24) represents the one form of the development of the
postulated theory with one aporoximation, the velocity at D.

Adapting The Theory

Equation (24) is not very useful in its present form. One
difficulty is that this theory is for the 2-dimensional case whereas the
tested model and real machines are 3-dimensional. This aspect primarily

concerns the air gap which, counting the denth of air gap for each row of
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vent ducts, is much deener than the vent duct‘in the direction normal to
Figure 5. ‘

McNown and Hsu (2) renorted that experiments verified their
predictions if the ratio b/a was given the value of the ratio of the
areas of the channel and lateral duct respectively. This suggests that
the increase in denth in the actual 3-dimensional channel is somehow
equivalent to an ihcrease in width, b, of the 2-dimensional mathematical
theory. It is not known how much is an equivalent increase.  However,
this question does not need to be .answered, since, if the term
Fb [b/a, Vys vz], is considered it can be shown (Appendix 3) that as b/a

increases, Fb [b/a, Vi v?] anoroaches a limit given hy

Lim Fb[b/a, o v2]

b/a » «
(v]/vj)2 v, 3

i ( SR +.2 o Tanh [v]/va]

-3 ’ -
8 j

) Va/vj

FRETIEE
{ = Ty

Yj

For tynical values of the variables this limit approximates Fb[b/a, Vys v2]
with adequate accuracy befors b/a reaches the ratio of areas of the air
gap channel and duct.

Renlacing the term in equation (24) with the limit from equation

(26) and rearranaing gives | 1 -y (i 4 (;%92)
J

i i ) (27)
1 a
] + FC [V]a Vas Vj] 5 '2— (.I = ('—‘) ) b4
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where

2
(vi/vs) v_/V.,
2] 173 a8 ")
Fc [ Vs Va» Vj o E'{ vy 2 Yy * vy 2 ¥ 2
a - (V“) b 1 - (ij (gjo
a J J J (28)

v
+ 2 (V%- Tanh™! [v]/vj] - Tan™! [va/vj])}
J

Alternatively to equation (27)

L 2
(1 -C) (1 - (vy/v4))

(29)

from which v can be comnuted from test data for Vis Vo vj and Cc.

Data from quantitative tests when used in equation 29 revealed
that, excent near stalling conditions

<

80 £ v 24 (30)
and that the velocity, L varied 1ittle from a fixed ratio of vj
< <
.63 - Va/Vj - .77 (31)
The variation that did occur in these quantities was not correlated with
other variables, and is readily explained as being due to experimental scatter.

Taking tentative values of ¥ and va/vj at v = .95 and Va/Vj = .70

gives the equation

.258
Cc = (32)
where _
] (v]/vj)2 of
Fd [V]/Vj] = ',n,—{ ] V] 7 + v] ?
{1 - TE@'(VTQ Yol 1 - .49 (Vfo
J J (33)

v
+ 2 (V% Tanh_.l [v]/(.7vj)] - .6107) }
J



15

Equation (32) is plotted on Figure 7 and it may now be tested
with experimental data. However, it is not directly useable in designing
because usually Vis and Vg the mean duct velocity, would be given and Cc

and/or vj would be required. The preferred form of the equation is

therefore
V.
i A
v, = Ry vl
CC = F2 [v], vd]

F] [v], vd] and F2 [v], vd] are not readily obtained from equation
(32) as mathematical expressions. However they can be obtained graphically,

because
C

4 . s (34)

Therefore for every point on the curve in Figure 7 there exists a unique
value of vd/v], and CC or vj/v] may be plotted against that value to
express F] [v], vd] and F2 [v1, vd]. These functions are plotted in
Figure 8 which provides convenient values for the contraction coefficient
or jet velocity once‘the ratio of the air gap velocity to the mean duct

velocity are known.



QUANTITATIVE TESTS

Preparation of the Model

Quantitative measurements assisted in the exploration and testing
of the hypothesis formed. The duct on the side of the armature coil that
was downstream with respect to the air gap was selected as a test duct. The
flow patterns observed on both sides of the coil were similar, dfffering
only slightly in degree but the downstream duct was more representative
because there were two ducts upstream of it while the other path saw only
one duct upstream. |

Two rows of holes through the view plate and close to the two
walls of the duct provided tans for static pressure readings, (Figure 9).
Also pressure taps were provided downstream of the armature coil and in
the plenum beyond the duct. A pitot impact tube was used for each of the
four paths, so that the proportion of air flowing in each path could be
determined. A pressure tap was located adjacent to each impact tube and
another in the air gap channel opposite to the armature coil.

The pressures were scanned by a motor-driven multiple-port valve
(Scanivalve) which connected each in turn to a variable-reluctance transducer
whose output was amplified and recorded. A micro-manometer connected to
one of the pressure taps provided a calibration of the record. Figure 10
~shows the model with the pressure measuring equipment.

A miniature hot-wire anemometer probe mounted on a micrometer
was arranged such that it could traverse the duct at the location (shown
in Figure 9) where the vena contracta had usually been observed. Because

of external obstructions it crossed at about 10° from normal to the duct.
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The probe was operated by a constant temperature anemometer bridge whose
output was read by a digital integrating voltmeter using 1 second
integrating periods. The probe had been previously calibrated in a cali-
brating nozzle with the same bridge and voltmeter.:

A11 the instruments that were used are listed in Appendix 4.

Volume Flow Rate Measurement

The flow from the air gap was drawn thkough a test duct provided
with a sharp-edged orifice. The flow from the ventilating duct, that is,
the total flow from both sides of the armature coil, was drawn through a
second test duct and orifice. The flow from the two guard ducts was drawn
'through a third orifice. Manometer readings of pressure drop across the
orifices provided measures of the three air flows.

Test Method

Each test consisted of recordin@ all the pressures, recording the
flow rate pressures, and recording the anemometer voltage both D.C. and
R.M.S. at various probe locations., The only serious problem in the
tests was the fluctuation in pressure and velocity. Pressures fluctuated
over a range of up to 4% in many tests and up to 10% in tests near the
stalling conditions.

27 tests were made at a wide range of conditions:

vy from 45 to 140 ft/sec.

vy from 0 to 80 ft/sec.

vd/v] up to 1.5
A map of the test conditions is shown as Figure 11. The duct on the

upstream side of the armature coil was blocked for three tests. The
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armature coil was moved to increase duct width from ,4375 to .62 inches and
the duct upstream of the armature coil was blocked for another three tests.
The temperature in the vicinity of the model and the barometric pressure

were recorded at least once on every test day.

Test Data Analysis

(1) Volumetric flow rates in the three test ducts were calculated

(6)

in accordance with standard flow measurement methods to obtain
02 - flow rate from air gan ft3/min
Qd - flow rate from vent ducts ft3/min
Q. - flow rate from the guard ducts ft3/min

g
(2) Impact heads were read to obtain hd] and hd2 for the vent

ducts downstream and upstream respectively of the armature coil and hql
and hq2 for the quard ducts downstream and upstream respectively of the
vent ducts.

(3) Flow rate in the tested vent duct was obtained from

(hyp)'/? 3
Q2 = Q4 77 77 ) ft7/min  (35)
hygl: <2 Rhgy)
and for the guard duct downstream of the vent duct
1/2
(h_,) :
- : g2 3.
(hgp) = + (hgy)

(4) Flow rate upstream of the tested duct was obtained from
4 3 s
Q] 7 Qz + de + ng i & A /m1n

Velocities were then obtained from the following equations
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0
_ 1
g
v, = 4—89%~—y ft/sec (38)
Ag = cross-sectional area of air gap channel = ,00972 ft2
Ad2 = cross-sectional area of one vent duct = .001135 ft2 in all
2

tests excent the "wide duct" tests for which it was .001608 ft".

(5) Significant pressures were recorded or a profile of nressure
along the duct was drawn.

The loss in the rounded entrance to the air gap channel and along
the channel itself was negligible. This Was readily demonstrated by a total

head pitot tube which at the corner A produced zero reading with resnect to
atmosphere. Tests revealed that the static pressure in the air flowing at

the corner was the same as the pressure just inside the eddy. Therefore

> 2

a - -
P~ = Py - D (39)
where Po is the atmospheric static pressure
Ps is the pressure in the eddy

or
T

h
s 0 S
v, = 66.75 (2—=) (40)

where (h0 - hs) is the change in static head from atmospheric to the eddy in

inches of water and r is the ratio of density at the giben state to density at N.T.P.
(6) A profile of velocity across the duct was drawn. Then the

jet velocity vj and contraction coefficient CC could be determined from
equations Cca

0
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v
V. = _dz | (42)

y being measured from the jet side of the duct. Usually v; was obvious
in an inspection of the velocity profile.

Velocity Profiles

Figure 12 shows a typical velocity profile. The velocities
measured very close to the left wall, which were influenced by the hole
from which the anemometer probe emerged, together with the anparent
boundary layer on the left wall have been ignored.

A region of anproximately uniform velocity representing the jet
is seen to occupy one side of the profile. The turbulence in this region
is ré]ative]y low - less than 10%. The width of the jet, defined by the
coefficient df contraction, varies with flow conditions, and vanishes in
the stalling condition.

The velocity decreases from the velocity of the jet in a mixing
zone adjacent to the jet. The width of the mixing zone is a nearly
uniform fraction of the duct width. As the velocity decreases the
turbulence ratio increases to a peak of 35% to 45%.

A zone of approximately uniform velocity and decreasing turbulence
extends from the mixing zone to the wall of the duct. The anemometer
used did not distinguish direction of flow, but it is o@vious that the
flow in the jet contributes the majority of the flow through the duct
while the other two zones form a large eddy. The air in low velocity

zone must travel toward the inlet.
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Pressure Profiles

Figure 13 shows two typical pressure profiles. One wés obtained
close to the wall abbve the jet, and the other was obtained close to the
wall above the eddy.

On the eddy side the static pressure is uniform from the inlet
to near the attachment point. It then rises continuously to a value, at
the downstream end of the armature coil, that is close to the pressure at
discharge from the duct.

On the jet side the pressure is relatively high at the inlet
and then falls rapidly. At about the vena contracta the pressure profile
has zero gradient and then it rises being indistinguishable thereafter
from the profile on the eddy side. The low static pressure on the jet
side that must accompany the high velocity jet was never observed in
the pressure profiles. However, a small, square-cut tube inserted
thrbugh the view plate about the mid-height of the duct at the vena
contracta did sense a low static pressure at roughly the value one

would expect.



DISCUSSION
Test Data

The values of significant velocities and pressures that were
measured and of derived quanties such as vj, Cc’ Va and Y are given
in Table 2. For convenience some data are plotted.

In Figure 14 vy and Va/vj are plotted against Cc.

In Figure 15 y, the ratio of the pressure drop in the vent duct
to the velocity head in the jet is plotted against Cc.

In values of CC are also plotted on Figures (7) and (8) which
also shows the curves oredicted by theory. It is seen that the agreement
between test data and theoretical predictions for Cc and Vj/vl is reason-
ably good. This agreement applies also to the tests on single ducts and
single wide’ducts.

The agreement McNown and Hsu observed between free streamline
theory and experiment is in contrast to the findings of this investigation.
Perhaps in the experiments they report, in which water was the working

fluid, a gas-filled pocket occurred instead of the quiescent zone. If so

the free streamline theory would have been applicable.

22



T-ABLE: R
Test 3B 3C 5A 4ac 2B 3B 4B 5B 6B
e flow reneat leaky flow
stalled not not stalled
used used

Ry 2.00 3.53 4,08 4.54 2.4n 4,25 4,90 4,95
hy .46 1.63 .38 1.32 .47 42 .53 .65 3
he -.67 -1.95 -.50 -1.95 -.49 -.72 -.68 -.93 -.5
hy -.05 -.21 -.02 -.17 -.042 -.01 -.049 +.012 -1
vy 75.17 88.4 129 117.2 45,2 80.2 126.2 134.9 140.9
V4 31.3 -66.8 0 66.6 37.4 34.8 21.5 23.0 0

Vs 156 210 145 252 120 153 195 210 140
Ce 201 .318 0 .264 o311 s § 141 .1095 0

w 103.8 153.9 128 169.6 79.4 105.2 145.3 158.9 153

¥ 1.10 .98 .90 .89 .93 192 1.56

€¢



TABLE 2 (cont'd)
M*r—-—
Test 2A 2A 3A 2.9A 2:.9.A.1 . 7% W 3.2.A.1 2C 2D
No.
not repeat
used
ho .76 1.78 1.26 2.12 2.09 2.89 1.82 2.50
h] .18 22 .18 37 .34 A4 1.12 1.75
hS -.24 -.29 -.23 -.50 -.53 -.55 -1.16 -1.77
hy -.015 -.025 | -.02 -.05 -.045 +.017 A7) -.25
vy 45.9 46.2 78.9 72.5 74.0 34.5 101 .3 48 53.1
V4 19.8 20.3 14.8 15.9 26.9 25.9 173 58.8 79.6
vj 100 100 120 122 143 154 158 172.1 208
CC .198 .203 .123 . 130 .188 .168 .1095 .34 373
va 63.0 84.2 92.2 96.8 106.2 123 115.2 137.8
¥ 1.06 1.34 1.42 111 .99 1.67 .97 .83

e



2 (cont'd)

TR Bl
Test 3.9.C 3:1.0 3.BIDB 3.CIDB § 3BWD 3CWD 4BYWD 4A1DB
No.
One Duct One Wide Duct One Duct
ho 4.67 3.05 2.20 363 2.16 2.96 4.15 4,68
h] 1.22 125 + D5 1.78 46 1.16 .50 .23
hS -2.11 -1.59 -.59 -1.10 -.55 -1.10 -.66 0
hd -.32 -.22 -.08 -.05 -.21 -.28 -.42 0]
vy 114.8 89.0 82.3 86.9 83.6 89.6 123 45 141.5
vy 65.5 63.8 36.6. 62.1 26,7 46.3 29.8 15 anprox.
’Vj 268 226 162 202 155 181 211 _No jet
Cc .243 .282 .226 .308 . 1725 .254 141 ane
va 173.2 143.5 111.2 145.0 109.9 134.2 146.1 -
v .92 .85 .86 .86 1.05 .83 1.00 -
Notes for TABLE 2
(a) ho’ h1, hs’ hd = static heads-inches water - relative to discharge from duct

(b)

V-l, Vd, Vj, \

a

= velocities ft/sec.
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The Mixing Zone

The analysis identified the existence of a mixing zone very
similar to the free jet boundary that Schlichting (Reference 5, page 689)
describes in a review of work by Goertler and Reichardt's work. Schlichting

gives an equation for the velocity distribution across the mixing

zone
V. +V v -V,
_ 0 i 0 i
V—————é————{]"'mj erf [£] 1} (43)
0 1
E=o0Yyl/s

where L and v; are the velocities on each side of the mixing zone.

s is the distance to the origin of the zone

y is measured from the zone's midpoint.

o is an empirical constant found by Riechardt to be 13.5.

In the vent duct the mixing zone was not straight and velocities
Yo and v; were not constant along the mixing zone. Nevertheless, if s is
taken as the distance along the jet boundary to the ofigin of the zone at
the corner of the armature coil and if ¥ and v, are taken as the jet
velocity and zero respectively, then equation (43) accurately predicts the
-velocity distribution observed in the mixing zone. |

The free jet boundary theory leads to the expectation that the
mixing zone width will be constant at a given station for various flow
conditions, and tests on the vent duct confirmed this.

The mixing zone phenomenon is probably primarily significant

as a concept in fluid mechanics analysis. The foregoing analysis has

shown how it can be used like free-stream theory to develop theories of
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"discontinuous" flows.

The Qufescent Zone

The region between the mixing zone and the wall farthest from the
jet, tacitly assumed to be stagnant or quiéscent, is actually a region
of moderate velocity which often exceeded the mean duct velocity. It might
be supposed that the velocity in this zone is determined by the flow in
the mixing zone which in turn is determined by the jet velocity v..

J
Therefore it can be written that

v (1-¢ -Cla = vy, (44)

where ¥y is the velocity in the quiescent zone

Cma is the width of the mixing zone

x 1is a factor to be evaluated.

With the mixing zone width measured from the boundary of the

jet to the point of minimum velocity, test data indicated that
.268 < C, < .365 (45)

and its average value was .323. Using a value of .323 for Cm and the
value of Cc predicted in Figure 8, x was computed for each test and was
found to 1ie between .2 and .3 and vary randomly in that range. Thus

v_ can be predicted approximately by

S
e .323 X (46)
Vs 677 - ¢)
2 = N » .3

The "quiescent" zone will probably contribute significantly to

transfer of heat from the armature coil and the iron near the duct inlet.
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stall

The velocity distributions observed across the duct showed that
the mixing zone and quiescent zone persjsted when flow in the duct stalled.
The highest velocity in the mixing zone, at the wall in this case, was
1.0 to 1.12 times the average air gap velocity. The situation could be
described by saying that the fﬁow pattern of the other tests persisted
except that the contraction coefficient became zero.

Apparently the eddy comprising the mixing zone and the quiescent
zone, in the duct that was being observed, sustained a pressure difference,
Ap, over the length of the duct that was sufficient to cause the required
flow in the other duct.

If the ratio, y defined by

_ 2ap

Saleny )
va

is considered, and plotted against Cc it is seen (in Figure 15) that v
decreases as Cc is reduced by reducing vd/v]. The relationship between
y and Cc is not known,except empirically, and cannot be found for

0 < Cc < .11 because stalling precludes testing in that region. The
pressure difference is the velocity head of the jet minus the regain of
velocity head to static head in the turbulent region downstream of the
vena contracta. This regain is apparently affected by CC and possibly,
vhen Cc is very small, the regain process becomes inefficient. One
reason for this would be that the mixing zone, whose width remains
constant at all flows, might tend to dominate the jet at small values

of Cc, and to absorb the kinetic energy of the jet. Therefore, y might
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increase as Cc is decreased below about .11,which is consistent with
Figure 15. It would also exnlain why,when Cc reaches .11,the flow
would not be shared equally between two_(or more) ducts, but that one
would stall and the remainder would carry all the flow.

To test this theory one test was made with only one duct
open and the velocity ratio vd/v1 = ,106 and surprisingly, no jet or
eddy was formed in this case. The velocity was nearly uniform across
the duct and the fluid was very turbulent.

It is apparent that if the pressure difference applied to a
duct is small the state of flow is instable because:

(a) if no jet and eddy exist then flow will proceed into the

duct obeying a relation like
F

T Yd
Py = ~w op—mm (47)
Cd 2
where Cd is a coefficient of discharge

Pa is the pressure difference in this case.

Cd is likely to have a value of about .55 giving

- 4,8 y2
Py 4, 5 vy (48)
but (b) if flow exists a jet and eddy will form requiring the
pressure difference to be
2
Pb = Y 5 Yy (49)

where Py is the pressure in case b.

n

Test data, showed that near stall y .06, (Figure 15) and vd/vj = .1
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SO

. 3 : :
Py = 6. 5 V4 (50)
and therefore P, > P,

Hence, if the applied pressure is between P and Pys the flow
is instable and might be exnected to oscillate between these states
producing the small net\flow and the high turbulence that were observed.
Consequently, y cannot be measured for 0. < Cc £ 211

A11 actual machines have many vent ducts in parallel and
therefore as the average value of vd/v] is Towered below .15 an increasing
number of vent ducts may be expected to sta]l, and heat transfer would
be greatly impaired in the vicinity of each stalled duct.

Relation to Heat Transfer Coefficients

The results of this investigation will be useful for studies
of heat transfer and its variation with position and other parameters.
For example, it is well known that heat generation is far from uniformly
distributed in»the armature coil, or in the teeth between coils,
because of the so-called "stray-load losses". This means that simple
overall average heat transfer analysis will provide inaccurate answers
in computation of temperatures, and therefore, local coefficients
are needed. But, ciearly, the investigation shows that local fluid
flow conditions vary widely and, therefore the surface Heat transfer
coefficients can be expected to vary widely too.

While this investigation thus indicates a necessity for local
measurement of heat transfer it also assists such an endeavour by

identifying zones in which fluid conditions are constant or vary in
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a regular way. This should allow simpler heat transfer experiments

to be designed. Also, the knowledge of magnitude of the fluid flow
variables might be used to assess the local heat transfer coefficients
in some zones.

Relation to Duct Design

Inevitably a knowledge of the flow détai]s in the duct will
lead to improved duct design. For example, it is often observed that
the use of turbulence promoters on the surface enhances heat transfer.
The knowledge of the detail flow conditions will assist in judgments
as to whether turbulence promoters will help and where they should be
located.

As another example, it was noted that the jet separated from
the wall just downstream of the vena contracta. Downstream from the
separafion the high jet kinetic energy dissipates in the form of free-
stream turbulence. This free-stream turbulence contributes little
towards heat transfer while accounting for most of the pressure dif-
ference along the duct. This has suggested modifications in duct
design that might dramatically reduce the resistance to flow.
Preliminary tests on’such a modification, which is described in an
invention disclosure to the Canadian Westinghouse Co., have been
- encouraging.

Finally, a knowledge of the flow configuration should assist
in judging the relative merits of variations in duct depth, number

of vent fingers and their location and similar details.
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Future Developments

The test rig and model built for this investigation can now
be used to assfst in heat transfer measurement. The base on which the
model was built can be used but it is suggested that in future
experiments the "armature coil" can be eliminated. This will provide
more working room, which will be essential for accurate tests, and
will simplify testing. Now that there is a better understanding of
the flow configurations the results of simpler tests can be used to
make more generalized correlations. More tests are required to
refine the modifications to the duct to reduce the pressure difference

'along the duct.



CONCLUSIONS

(1) 1In a stator vent duct, because of the effect of the
peripheral flow in the air gap, ventilating air will travel through the
duct via a high velocity jet on one side of the duct accompanied by
an eddy on the other side. The eddy is comprized of a mixing zone and
a region of uniform velocity. Free-streamline theories are grossly
inaccurate in predicting the conditions quantitatively.

(2) A theory is postulated and developed to obtain a

relationship, in equation (24), of the form

cc = F [b/a, Vas Vis Voo vj, v]

Where ¥ is an empirical factor.

(3) Tests show that ¥ and the ratio Va/vj are constant or
nearly so. Using mean values and making an appnroximation which adants
the 2-dimensional theory to 3-dimensional circumstances produces a

simplified relation, in equation (32), of the form

Ly o B [v], vj]

(4) By plotting in Figure 8 relationships are found in the
form |

cC. = F[ vd/v] ] vj/v] = F[ vd/v] ]

which relationships will be useful in design of machinery or design of

heat transfer experiments.

33
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(5) The width and velocity distribution in the mixing zone
is close to that predicted by Schlichting (5) in his review of Goertler's
and Riechard's work.
| (6) The velocity, Vo in the uniform velocity zone in the eddy

is approximately given, by equation (46), in the form

vs/vj

= FLCx]
where x is an empirical term found to lie between .2 and .3.

(7) The flow in a duct will stall when the ratio of duct
velocity to air gap velocity, vd/v], is reduced to the apparently critical
value of .15,

(8) The results of the investigation are seen to have relevance
both to heat transfer exneriments and to ventilating duct design.

(9) The test rig and the model should be retained and used to

measure heat transfer coefficients and to refine the invented duct

modifications.



Ventilating Duct Model

Figure 1
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Figure 10
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APPENDIX 1
Reduction of the integral 4
_ (3" <8
0 vj du
I [u] = i
¥ A 5704 - 2e (%T)z + 1
a Jd d
1 v 2 vj Z
where e = - 7-{(73) + (V—) }
This can be written as
0 4
-1
1[u] = v. & de
e A 4 2
. E + bt + 1
-1va/vj
where & = %— dg = %E
J 3
v 2 V. 2
and b = =2 = () -4 )
V. Vv
J
, y 2 v, 2 1/2
whence (b - 2)1/2~ = £ - 22 Y
, vj Vv
oyl Sttt |
vj v
v 2 N2 a2
and b+2)V% = () +2+ GH )
: % Vv
J
v Y,
b
J

The integration can be solved using stahdard techniques
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giving, after simplification, the expression

v v
[u] [e+le VJ)T"[(VE-T)QJ
1.1y = v, [ &£+ 5 (— - an —
e J 2 TP ]+€2
v v,
. 7 ; (W*‘V—“)E 0
- gt v T T ]
J 1-¢ -iv_/v,
a. J
v V. v
iv v v (T'Vl)('ivi)
= ._...i_l ____.l) T -][ j j ]
Vj{o'v. 2(v. v b v, 2
! . i &
V.
J
v V. v
e (- + i)
] 3 -1 Vs v Vs
o 7 -v—-‘l"\-,‘—) Tan [ ]}
J '|+(_v_a.
J
v v v V. R
. a -1 J -1 r'a
= -jv, (==~ + — Tanh  [—] - -~ Tanh ' [—5] )
J Vj vj Vs v v.2



APPENDIX 2

Reduction of the integral

‘ u 4
0 ) -1
- J
Ie[u] - / (u )4 (u )2 du
-iv —) =-2e (—) +1
a vj vj
where e = 1
The integral can be written in the form
0 4
_3 A
1va/vj
where ¢ = %—, dg = %ﬂ
J J
and b = -2
whence (b - 2)1/2 (-4)]/2 = 2
and  (b+2)V/2 = o
which can be solved using standard techniques to give
. - 0
Ll = vy [ o+t Tan” [f—‘-—’?-?]]
) ; bl i
1va/vj
‘ +2 —
v V.
=V (0-i V%' - i Tan™! [ l—g 1)
. v - )
J

<

v
v (24270 [227)
J Vj Vj
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APPENDIX 3

To obtain a simplified expression for

Lim F[b/a, vy v2]

b/a > w
Given a function F[q]
=1 ( 42 Tann™! [?1] + Tanh™! [o. 6.7 - ¢ Tanh™! [ZZ—] - TantY [o. 4233
Spede 9a a "1 2 b, a *2

where

q = p
v v
2
¢=——- ¢=__.
V; 2 v;
¢=Y_a_
a v
To find ~ Lim F[q]
g0

which is of the form %w we can write

Flgl = gi{—g-}

whence Lim [ F[al 1 = Lim [ g;%g%-] L'Hopital's Rule



| = el
tin [ (§) (o5 ———5 (=) - Tann™' [8] 24, (-C)
2 a a
q-+0 1 - [;{"]
a
)
- 8 () )
1 - [¢a¢2]
2
$9/9, = \
+ 2¢, Tanh ' [ — ] + ——-—-———~—2-)
CC(]-(ﬁZ ] a ]'(¢a¢])
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APPENDIX 4
 INSTRUMENT LIST

2 - test ducts - 2.2 in dia with .920 in dia orifice and D and D/2 taps.
11.511 (b, /r)'/? cfn

Computed flow rate Q

hw head inches of water

n

r = ratio of density to density at N.T.P.

- used for: - vent duct, guard ducts flow rates.

Test duct - 4.03 in. dia with 2.000 in dia orifice and D and D/2 taps.

Computed flow rate Q = 55.502 (hw/r‘)]/2 cfm

- used for - air gan flow rate

4 - 3550 rpm fan-motor units with 5 in dia x 1 1/2 wide f.c. rotor
Torrington Part No. A16474 with General Electric 1/6 H.P., 208 volt
1.04 amp 1 phase motor.

Dwyer 0 - 1.0 in inclined manometer

- used for gquard flow-rate measurement.

Dwyer 0 - 3.0 in inclined manometer

- used for air gap flow-rate measurement.

2 - E. Vernon Hill Type "C" Micro manometers (Note: S. G. of fluid
specified .7970 ,actual fluid used had S. G. of .815 to .816.)

Scanivalve Model 48 D3 S/N 453 multiple bort motor - operated valve.

(control box manufactured ad-hoc).

Scanco PDCR s .2 psi SN 437 variable reluctance pressure transducer.

Scanco No POCA3 - p-ducer oscillator-carrier-amplifjer.

Hewlett-Packard Model 7702A Recorder with Model 8802A medium gain DC

preamplifier.
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Items 7, 8, 9, 10 used for recording preésures.

DISA Model 55A25 Miniature Hot-Yire Probe and

DISA Model 55A21 Probe Support.

DISA Model 55A01 Constant Temperature Anemometer.

Honeywell 6305 Digital Multimeter (used as integrating voltmeter).
Items 11, 12, 13 used to measure velocity.

DISA Model 55A60 Ca]ibrating Unit used to calibrate items 11, 12, 13,
Nabisco Cream of Yheat "Regular" Farina used for particle path visual
tests. '

Meriam Model 34FB2 Micromanometer used to calibrate item 6.
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