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1. INTRODUCTION

A quantitative knowledge of the flow in “T" junctions (Figure (1)) of
varying characteristics is essential in numerous areas of engineering. This
problem, as it relates to the behavior of subway vent shafts, is the subject
of this report.

Previous studies (references (6) and (7)) were conducted in water at
lower Reynolds' numbers for the specific case of circular/circular wrH
junctions. These studies failed to provide means for determining the mass
flow "split-up" at the junction as a function of junction geometry, impedance,
siatic pressure, etc., and only considered the static pressure rise (or drop)
across the junction assuming the split-up to be known a-priori. The results
of these studies are therefore of little direct use in subway vent shaft analysis,
where vent geometries, imoedance, and environment vary enormously from
system to system.

Any theoretical approach to the prediction of air and heat motion
within subway systems requires accurate information regarding the pro-
portion of flow ejected through the vent shaft relative to that approaching it
and the resulting pressure changes for a given set of near field conditions.

In general, the flow within the neighborhood of the vent shaft is exceedingly
complex and thus not readily amenable to purely theoretical analysis. As
will be seen from the discussion in subsequent sections, the flow structure in
the vent shaft is dominated by large scale flow separations in the case of out-
fow Figure (2a), and substantially influenced by persistent vortex surfaces

‘-et-n ~zne of “~flow Figure (2b). Despite this complex nature, it turns out

ela e~

tiat tae gloval behavior of a large variety of realistic vent shaft geometries
is predictable within required engineering accuracy on the basis of semi-
em.pirical analytical cousiderations provided that these vent shafts do not
depart radically from the "T" inlet geometry depicted in Figure (1). The
analytical foundations of this prediction method are described in the following.
In the present study, the foundations of vent shaft junction theory is
developed and verified on the basis of extensive experimental studies covering

a large range of relevant vent shaft junction properties.
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2. ANALYSIS

An analytical approach to the prediction of vent shaft behavior was
put forth by DSI-AT in reference (1). While this method has turned out to
be fundamentally sound, subsequent experimentation at DSI-AT has suggested
certain modifications regarding the manner in which the final equations are
presented, in addition to empirical corrections to the purely theoretical
results. These modifications are reflected in the development given below.
Since, as described in the preceeding section, the vent shaft behavior for
inflow and outflow are fundamentally different, it is convenient to handle

these cases separately.

2.1 Outflows

While it has already been noted that the actual flow into a vent shaft is
exceedingly complex, involving large separated zones and flow non-uniformities,
analytical treatment becomes possible only when a simplified model of this flow
is postulated. It turns out that the errors resulting from such a simplistic
model can be rectified through the incorporation of semi-empirical observations,
provided that the model allows for sufficient generality.

The theoretical model selected for outflow is shown in Figure (3). As
can be seen from Figure (3), one-dimensional axial flow upstream and down=-
stream of the vent shaft is assumed, and that while flow non-uniformities
can exist between stations (1) and (2), the flow quickly readjusts to a uniform
profile a short distance downstream of the vent shaft. The flow remaining in
the tunnel is separated from that exiting through the vent shaft by a dividing

streamline. In this model, the total head of the flow is the same on both sides

2

of this: dividing streamline, Sliee the velocity V;" is greater than V, for a
constant area tube, the static pressure pg must be larger than py, owing to
the flow diffusion effect. This is shown in the pressure plot in Figure £3)s

For the flow entering the vent shaft, it is assumed that an inlet head
loss AHi is suffered because the fluid cannot negotiate a sharp right angled
turn. It is further assumed that before entering the miter turns® the flow
readjusts to a uniform profile. After being processed by the series of miter
turns, the flow suffers an additional head loss AHS which is identical to that
which would result if ideal inlet conditions preceded the miter turns, as
shown in Figure (3b). It is assumed that AHg is readily computable from standard
handbook data or can easily be determined from simple experiments, and is there-
fore a known quantity in the analysis. Thus AHS becomes the first order im-
pedance property of the vent shaft, called the "straight-through" head loss.

Now, while this simple concept of rapid flow readjustment to a uniform
profile is analytically helpful, it is well known that initial flow non-uniformities
do persist over great distances and take a long time to readjust. Thus, in
actual fact, the velocity profile at A"i will be far from uniform, and hence the
QAHg value actually obtained will be significantly different from that cor:nputer
(or measured) on the basis of ideal or "straight-through" inlet conditions, since

the manner in which the miter turns "process" the flow will depend on the actual

+Velocities V; and V, are taken as average values across the tunnel. 1 sz
is the average tunnel dynamic head. 2

*While the miter turns are exemplified in the figure, virtually any loss-producing

components (e.g. screens, grids, sudden expansions, straight pipe wall friction,
etc., or combinations thereof) could be substituted without loss of generality.

-3 -



characteristics of the inlet velocity profile at Avi. This coupling between
inlet and "straight-through" loss will result in an increment (or decrement,
but this is not likely to be the case, since a non-uniform flow dissipates
more energy) in the straight-through loss, which will be denoted by AaH..
Finally, the total head dissipated at the exit of the vent shaft by free-
jet action is simply %pvfe .
Summarizing, the total energy dissipated within the flow entering
the vent shaft is

) 1 o2
LAHi + AHS + AHc + ngve :I
The energy equation for the flow entering the vent shaft (i.e. the

region above the dividing streamline) is, for incompressible one-dimensional

flow:

1 2 [ . 1 2
=4 - | A - =
p, + 3 le L_Ahi +AHs + Hc + 3 pvve] P (1)
Now,

OH, OH

OH, = f (V2 )
vi
But, experiments have indicated definitely that the inlet loss co-
efficient is dependent mainly on the axial velocity in the tunnel preceding
the vent shaft, i.e.,
2
AHi = f (V1 )
This functional dependence is taken into account in the following

normalizations defining the various loss coefficients

S Epvvi
c . . OHe
OHe = 1,42
2P Vvi
” OH;
OH:, ~ T 2
i 2.,ovl
Also defining the driving static pressure coefficient CAp as:
Py =P
C = _IJ_JZ
AP L 2
2P
equation (1) becomes
2 B 2
A IV
(-8 s c 2
%p*1® | Camg* (Vv1 ) : CAHcJ<v1 ) S
Defining
¥ Po = P,
Camg * <VW> = Caps C T—7
vi Epvvi

where p, is the total pressure in the stagnation chamber preceding the ideal

inlet in Figure (3b), equation (2) becomes
2

'
1= (C C Y £ C (3)
S * (Caps * Cam,’ <V‘L1 ) DH;

Defining the mass flow coefficient Cx’n as



" Let us now inquire into the magnitude of this pressure rise in re-
AV
v Vi Vi
C = = N . . .
f -ET —L——-LA Vl lationship to an equivalent number of unvented tunnel diameters. The
pressure loss coefficient in L/D of unvented tunnel is

equation (3) may be solved to obtain Cx'n as follows:

L
(C...) = 4dce(—=)
) apx "D
. Ay, \/1+cAp-cAHi :
A ' cAp + CAH 0 so that the equivalent tunnel length corresponding to the flow diffusion is
S (
: L o1
This is the fundamental equation used to interpret and unify the (B;quiv " iq Cp2-Cp)

experimental data.

Consider now the flow beneath the dividing streamline (i.e., the flow For typical value of ¢g = 0.01, the table below gives the equivalent

that remains in the tunnel). Assume, for the purpose of this simple analysis tunnel lengths as a function of C

that little total head loss is suffered along the streamlines between stations (1)

and (2). It is evident that this is not actually the case, however, the flow in
Cm 0 . .4 .6 .81 1.0

this region is likely to be sufficiently complex to defy simple analysis. Thus,

neglecting these losses for the moment, and using the loss-free Bernoulli (L/D)equi"o

equation to ideally characterize the problem,
Thus, for the smaller mass flows, an error in predicting C APx is

1 2
Pt 3 le = p2 + -;- pvz2 . not likely to lead to significant errors in overall system flow prediction,
However, in the case of closely spaced vent shafts (e.g. the CTA) the

accumulated error can be significant.
Tovz "% " %al?-Ca
2N 2.2 Inflow
where Capx characterizes the rise in static pressure between stations (1) With inflow, the dividing stream surface (Figure 4) is also a surface

and (2). of concentrated vorticity as a result of the fact that the total heads of the flows

on either side of it are, in general, different, Experience has demonstrated

-7 -



that such surfaces of concentrated vorticity tend to diffuse very slowly into
the rest of the flow, and hence cause the flow to be disturbed from equilibrium
far downstream of the vent shaft. Therefore the "near field" of an inflowing
vent shaft extends for long distances downstream of the shaft itself.

In dealing with inflowing vent shafts, it is useful to define three stream-
wise stations as shown in Figure (4). Station (D) is immediately upstream of
the shaft, station@is hypothetical point where the flow begins to mix, and
station @ is the theoretical downstream boundary of the near field where the
flow is uniform.

Just for the moment, let us assume that we can neglect the losses in the
mixing region between @and @ . Applying Bernoulli's equation to the tunnel
flow, between (1) and (), we obtain

1pv.2 1 oy 2

v
Defini Chp = ===
ng el VoA

p, =P

Cap, = 11 2
X F %

2 Py

o Cy (2-Cp) ()

Now, let us repeat this analysis using the momentum theorem, which
will reflect the influence of the mixing losses. Since the inflow from the vent
shaft enters the tunnel with zero tunnel-directed momentum, we may write

simply - W

2 2
+ pV =
PRV P, PV,
from which we obtain

CApx = 2Cy, (2-Cm) (6)

which is exactly twice the pressure drop given by equation (5) whick neglected

the losses.* Thus, a full 50% of the pressure drop results from mixing far

away from the vent shaft, and downstream at station @ , the pressure is roughly

half-way between p1 and Py The average pressure acting on the inlet face

of the vent shaft must therefore be fairly close to Py

The flow induced through the vent shaft is given by the energy equation

~ 1 2 _ 1 2
Fo CAHS zpvvi = pl"ﬁpvv;

2
b_-P Ve
lﬂ——;- = (1+ Cag) (v—v‘)
3 PVe .
A c

N Vi Ap

Cp = —d - ™
APs '

2.3 Summary of Parameters

The definitions of relevant parameters are summarized below:

Outﬂow. G ) Inflow .
m, ot ! ho
Ca = d C. = Py
A V1 . m A V2

*
It is noted that the equivalent tunnel diameter errors i
et i discussed in section 2.1
Qs




e PPy c R P~ P1
N Aop 1 2
- Y

¢ . PP Oy + =22

&P, 1 2 [ 1

’ 2 PVw 2 PV
e B pz - pl cAp ». pl 3 p2
APy T L o2 x  1lpy?2
§pv1 2pv2

Where, for both outflow and inflow, v"i is the vent shaft velocity

corresponding to the vent shaft cross-sectional area Av1 at the intersection
of the vent shaft and tunnel (Figures (3) and (4)).

It is noted that all outflow coefficients are normalized on the basis of
upstream conditions, while all inflow coefficients are related to downstream
conditions. If this form were not used, and we alternatively normalized both
inflow and outflow coefficients on (for example) upstream conditions, then
the mass flow and driving pressure coefficients would blow up for the case of
V, = 0, which corresponds to I, = m, (all of the flow enters through the veat

shaft). Thus, in order to avoid these difficulties, the above format is used

throughout.

-10 -

3. THE VST FACILITY

The VST (Vent and Station Test) facility was designed to evaluate
the performance of vent shafts with inflow and outflow. The details of the
design are contained in Appendix A, and will not be reproduced here. The
facility is designed to permit the determination of the straight through
pressure loss C

4P,
flow as shown schematically in Figure (5) as well as the "in-situ" behavior

o of an arbitrary vent shaft geometry for inflow and out-

of the vent shaft as sketched in Figure (6). The procedures for straight-
through and in-situ testing are described individually below. Supplementary

information can be found in reference (2).

3.1 Straight-Through Tests - Outflow (Figure (5a

In this case the vent shaft is located on a secondary plenum mounted
on the main plenum of the VST facility. Flow supplied from the blowers
enters a carefully formed inlet duct located in the main plenum and is filtered
by a 100 mesh screen before encountering a 12 tube integrating pitot-static
rake, Survey of velocity distribution across the inlet duct at the rake location
showed the flow to be uniform to within + 5%. of the average maximum velocity.
The integrating rake averages these errors and yields a total entering mass
flow measurement estimated to be within + 2% accuracy. After leaving the
inlet duct, the flow enters the secondary plenum and is filtered through an-
other 100 mesh screen to insure that stagnation conditions will be closely
approximated in the upper volume of the plenum. Large fairings are provided
at the inlet to each and every vent shaft to produce the required ideal inlet for

=11 =



the vent shafts. Typical examples of inlet flow uniformity as obtained from
velocity surveys in the inlets are shown in Figure (7). The total pressure
driving the flow across the vent shaft is measured in the upper volume of the
secondary plenum by means of an alcohol micromanometer. Each vent shaft
was tested at three inlet velocities, and the resulting C aPs values of the three
rurs were averaged (typically they varied less than 10% from one another).
The straight-through loss is computed as follows:

Po = P

C =
1 2
5 vai

aPg

" 8.2  Straight-Through Tests - Inflow (Fiqure (5b

As with outflow, the vent shaft is mounted on the secondary plenum.
The flow entering from the atmosphere in the inlet to the vent shaft due to the
simulated ground surface” and subsequently travels through the vent shaft and
is exhausted into the upper portion of the secondary plenum. It is then filtered
through a 100 mesh screen and allowed to settle in the lower portion of the
secondary plenum before entering a 5.5 to one area ratio contraction nozzle.
The combination of the screen, flow settling ad acceleration in the nozzle has
the effect of producing uniform flow in the exit of the nozzle, where a pitot

static tube is located. Velocity surveys confirmed that the flow was uniform

*Since most subway vent shafts emerge flush with the grouqd, each vent shaft
tested was fitted with a large flat surface to simulate this situation.

=12 =

to within + 5% over a wide range of vent shaft sizes. The CAp value was
s

obtained at three velocities according to the equation.
I

1 2
5 PV
2p vi

CAPS
The results at the three velocities were averaged.

3.3 In-Situ Tests - Outflow (Figqure (6a))

Flow supplied by the blowers was filtered through a series of 100 mesh
screens in the plenum chamber and entered the pipe through a screened fairing
to insure a uniform velocity profile at the inlet of the pipe. The turbulent pipe
flow profile was allowed to develop naturally in the 22 diameters of pipe up-
stream of the vent shaft. A fully developed turbulent pipe flow mean velocity
profile existed just upstream of the vent shaft as shown in Figure (8). The
disturbance in the profile produced by the outflow causes the flow downstream
of the vent shaft to be non-uniform. Another 28 diameters is provided to allow
the profile to re-establish. This mass flow upstream of the shaft is measured
5 diameters downstream of the pipe inlet by an integrating pitot rake connected
to a micromanometer. The downstream mass flow is measured 26 diameters
downstream of the vent shaft by another integrating pitot rake connected to a
micromanometer. The difference between these two mass flows is that which
flows out of the vent shaft. The mass flow coefficient is computed as follows:

oy, e

I &P
Ce = —.—-—v = 2 z ]1a 2 =z 1= _2
ey £ £ apy
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where Ap is the difference between the integrated total pressure and the
local static pressure. This procedure was verified by numerically inte-
grating velocity surveys across the upstream and downstream locations for
a number of different cases and comparing these results with the integrating
rake results.”*

The local static pressure at the vent shaft location is a function of the
tunnel losses downstream of the vent shaft. These were simulated by neans
of an "ETL" (effective tunnel loss) valve located at the discharge end of the

VST facility. By varying this value, the driving pressure coefficient

gk iy
ap 3P vl2
and hence C 2 could be varied throughout a large range 0 < Ca <1,

To know exactly where to measure P required a knowledge of the
axial pressure distribution along the tunnel in the near field of the shaft.
For this reason, pressure taps were located every 1/4 diameter along the
pipe in this neighborhood and the pressure distributions were displayed on
inclineable water multimanometers. A typical plot of static pressure .
variation is shown in Figure (9). Regions A and B correspond to pressure
gradients produced by wall friction in the usual way, except that since the
profile downstream of vent shaft is disturbed for a few diameters, the slope

of the pressure drop per dynamic head is greater than exists upstream.

Eventually this drop asympotes to the value in A. In the near field of the vent

x R 9
* The average dynamic head is taken as —A— f{ %pv r dr d6
o

(See page 35) -14 -

o+ e i i

shaft (between (1) and (2)), the static pressure rises from 1 to 2 owing to
the diffusion of the flow remaining in the pipe as described in the preceding
section. The driving pressure coefficient consistent with this analysis was
the one selected in the experiments, i.e.,

P " Po

C, = T__.._z_—
3PV

Aap

As illustrated in the figure, the pressure rise coefficient was taken as
!

1 2
2PN

¢
apy

3.4 In Situ Tests - Inflow (Fiqure (6b))

The in-situ inflow tests were conducted in a similar manner to the
outflow ones, except for a couple of specific items. For inflow, a formed
inlet was placed at the inlet to the pipe so that the flow entering from the
atmosphere would do so uniformly. The ETL valve could no longer be used
to control the upstream tunnel losses, and hence the pressure level at the
vent location since it introduced severe non-uniformities in the flow. 'I'hére-
fore changeable loss-producing grids were submitted to produce the required
results. The mean velocity profile immediately upstream of the vent shaft
location closely approximates the fully developed turbulent pipe flow profile
as shown in Figure (10).

The axial static pressure distribution (Figure (11) in the neighborhood

of the inflowing vent shaft was found to be less predictable than in the case of

-15 -




outflow, apparently owing to an inflow separation as shown in Figure (2). In
any case, the downstream extent of the near field for inflow was considerably
greater than for outflow, as has already been anticipated on the basis of
arguments presented in section 2.

In the case of inflow, all vent shaft parameters are normalized on

downstream conditions for the reasons given in section 2, Thus,

c - sw’P2

AP 1 oo 2
ZPVZ
Py = P
2P V2

- mv N m2-m1=1__rfl=1_ Apl
R P ) s>
Where 4Py and Apz are given from the upstream and downstream integrating

pitot static rakes as before. The use of the integrating rakes was also verified

for inflow as described in section 3.3.3.

4, EXPERIMENTAL APPROACH

In view of the fact that subway vent and blast shaft geometries vary
enormously from system to system, it became immediately obvious that little
would be served by constructing and experimentally evaluating a long number
of specific shaft geometries. Rather, it was deemed sensible to try to funda-
mentally understand, on the basis of the theory of the preceding section supple-

mented by a series of special control vent shaft tests, the foundations of vent

-16 -

shaft behavior with a view towards obtaining universal analytical tools capable
of predicting the performance of arbitrary vent shaft geometries.

While the geometries of vent shafts vary endlessly, the analysis of
the preceding section indicates that relatively few parameters actually char-
acterize the system, at least to a first order approximation. Expressing this

dependence functionally, (for the general inflow/outflow conditions)

Avi
Chq = f(CAps ’ /A , CAP 5 CAHC or CAH;_)

Now, AVi/A is a known geometrical property. CAp’ the driving
pressure coefficient is known (usually implicitly) in any subway environmental
calculation procedure insofar as the vent shaft is concerned. In principle
CAPS’ the straight-through loss coefficient can be calculated on the basis of
standard handbook data for turns, contractions, expansions, inlets, etc. In
practice this generally is not so straightforward as will be seen from the dis-
cussion later on in section 5.5. The inlet/straight-through loss coupling co-
efficient CAHC which appears only in the outflow equation must be determined
from experiments performed with the actual vent shaft in place in the tu;mel
since it is dependent upon vent shaft geometrical details and their effect on the
entering flow from the tunnel into the vent shaft.

The theory described in the previous section is actually a very simplistic
description of an enormously complex flow situation, and therefore cannot be

expected to yield reliable predictions without the benefit of empirical modification.

=17 <



4.1 Straight Control Vent Shafts
In order to verify the general applicability of the theory, and to supply

the empirical corrections as required, an experimental control vent shaft
program was devised. These vent shafts varied widely in geometry ( Avi/ A
and AR) as shown in Figure (12). The CAPs values for each of these vent shafts
could be changed simply by changing the grids. The grids simulated (to a first
approximation) the total effect of vent shaft internal losses from turns, sudden
contractions and expansions, wall friction, etc., The equivalent of 30 vent
shafts differing in CAPS , R, and A"i/A could be synthesized in this way.

The data obtained in this manner was used to verify and empirically adjust the

theoreti;:al results,

4.2 Plenum Vent Shafts
However, there still remained the question of whether or not the grids

did, in fact, faithfully represent internal losses which result from typical sub-
way vent shaft geometries, and consequently, whether or not a correlation
based on "gridded" vent shafts would equally well predict realistic vent shaft

geometries. This was investigated by radically changing the method of achieving

CADS . These vent shafts were selected and the exit plenums shown in Figure (13)
were installed on each of the three. The CAp values were varied as a function

s
of the sudden expansion losses in the plenum and by varying the exit area of the

plenum to that of the inlet area of the vent shaft. These plenum vent shafts

were tested with and without grids. It was found that these data were in reason-

18 =

able agreement with the simple "gridded" vent shafts for the higher Cc.p
2Ps

values (see further discussion in section 5.1 and 5. 2).
4.3 Miter Turn Vent Shafts

However, since both the "gridded" and plenum vent shafts exhausted
in a direction perpendicular to the tunnel flow, it was decided to construct a
family of miter-turn vent shafts which discharged parallel to the tunnel flow,
either in the upstream and downstream direction, and sideways (Figure (14)).
This was done throughout a range of vent exit to inlet area ratios, thereby
producing a corresponding range of CAPS‘ Since many subway vent shafts
have series of miter turns, this family of vent shafts constitutes another step

in the direction of generalizing the results to arbitrary geometries.

4.4 Effect of Tunnel Cross-Section

Thus far in our experimental considerations, we have been concerned
only with the effects of vent shaft geometry on the behavior of the shafts. Test
were also performed to determine the influence of tunnel cross sectional geometry
on vent shaft performance.

The three cross sectional geometries illustrated in Figure (15) were
tested. In all cases, the vent shaft geometries were kept the same, i.e.,

.M. e .
A A"i
4.5 Variable Inlet

It has been suggested that various approaches can be adopted to
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improve the aerodynamic efficiency of vent shafts. One such approach has
already been used in the design of the WMATA subway system vent shafts,
as shown schematically in Figure (16). The idea here is to diffuse the tunnel
flow so as to increase the effective driving pressure coefficient at the vent
shaft location, as well as decrease the inlet loss. The pertinent question is,
what angle is optimum? One might also inquire into the influence of flow
scoops as shown in Figure (16), and as to whether vent inlets optimized for
outflow behave acceptably under inflow conditions. (In some cases, vent
shafts are required to operate efficiently in both modes whereas, for example,
in the case of blast shafts, they are not.)

To answer these questions, a variable inlet —AJ— = 1 vent shaft
mounted on a square tunnel cross section was tested as shown in Figure (16),
with and without flow scoops for outflow and inflow, for a range of grid-pro-
duced straight-through loss coefficients of 6.5 < Cyp < 17, and 6 = 8°,
18°, 45°, and 90° . In addition, the circular fairing inlet depicted in the
figure was tested for comparison. The results of these tests are described

in section 6. The limiting cases of 6= 0Oand 0= 90° are also shown in the

figure.

4.6 Miter Turn Internal Loss Coefficients

Many éubway vent shaft geometries consist of a series of miter turns.
In general, the inlet area of the miter is different from its exit area, i.e.,
Ae/A_ % 1 as shown in Figure (17).
i

In order to compute the CAp value of such a vent shaft, it is necessary
s
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to have experimental data on the loss coefficients of miter turns of arbitrary
Ae/Ai' An extensive literature search (reference (3)) failed to find data for
geometries other than Ae/Ai =1,

In reference (4) it was assumed (for lack of better data) that a variable
area miter turn would be simulated as depicted in Figure (17a). One might
inquire as to why the method of Figure (17b) might not give equivalent resuits,
and of course it doesn't because of the different dynamic head distributions.

Since, in general, the variable area miter turn is an important com-
ponent of subway vent shafts, it was decided to perform limited experiments
to determine the variation of loss coefficient CAH with Ae/Ai over the range
of area ratio values 1/g < Ae, A; & 2 the variable area miter turn test rig
is shown in Figure (18). The results are presented in section 5.5. It is noted
that these results are of limited applicability since the aspect ratio h/W of the
exit changed throughout a range 1/8 < h/w < 2, while the inlet cross-section
was always square. According to reference (5), the loss coefficient is relatively
insensitive to aspect ratio, in the range h/W <1, butis increasingly affected
by B/, 2 1.

The total head loss was determined in the following (conventional) manner.

C = = %o~ Poo -1 f D_, i

AH - D f1 —_—
1 2 1 2 h h
vaz §pv2 D i

where f is the friction factor of the rectangular mixing duct as obtained from
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reference (8). In all cases, the duct length was maintained at a minimum

L
value of h—D = 10 to insure complete pressure recovery after the

D
turn. This was especially important for the case of Ae/Ai > 1. Velocity
profiles were taken along the duct to verify that this condition was attained

at the duct exit. This data is presented in section 5. 5.
5. RESULTS & DISCUSSION

5.1 Mass Outflow: Crb = f (CAP)

Equation (4) theoretically describes the behavior of a vent shaft with
outflow. The value of CAHi appearing in the numerator under the radical is
unknown. CAHi physically represents the percentage of exiting tunnel flow
kinetic energy which is lost in negotiating the turn into the vent shaft. If all
of this kinetic energy is lost, then CAH1 = 1. The experiments performed in
the VST facility show that CAHidoes in fact assume a value closely approxi-
mating unity for all "T"-junction vent shafts tested regardless of internal
vent shaft geometry. Therefore, equation (4) reduces to the following ex-

pression

Ay Cap
(o) (8)

A CAps + %HC

where the constant K, has been inserted as an empirical correction factor

C6=K

close to unity.

Now, the remaining unknown quantity CAHC physically represents
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the coupling between inlet and straight-through losses, and would be expected
to be sensitive to vent shaft internal loss and physical geometry.

For the case of the straight control vent shafts where internal losses
were produced exclusively by grids, CAHc was experimentally correlated as

a function of the vent shaft inlet geometry as follows:

Ay; \ 0.35 0.15
= (R) , C=0.45 (9)

length of vent shaft along tunnel
where R = Tiqihof vent shaft

Cozz =
A}IC

For the plenum and miter vent shafts, C was found to be significantly
less than 0.45 indicating that the geometric details as to how the internal losses
are produced determine CAHC . This, of course, was to be expected based on
the discussions above.

Theoretically, the fact that the "constant" C varied with the type of
vent shaft in an unknown manner would be gounds for concern. Fortunately,
in practice this produces little problem. The reason for this is that CAHc
appears in the linear combination (CAHC + CAPS) in equation (4) and since
in practical vent shaft configurations, C

AP
for engineering intents and purposes. As an example, take the case where

C the latter can be neglected
s>> AHC, 91

Ay,
A

= R =1

and the highest value of C observed in the tests was,
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Cc 0.45

so that CAHC = 0.45

according to the correlation given above. If the vent shaft had no internal
losses whatsoever, the corresponding value of cAps would be unity. Since
CAHC is nearly half this value, the influence of CAHC as given by equation
(8) would represent a reduction in Cn'a of about 20%. However, actual vent
shafts possess significantly higher values of cAps than the ideal vent shaft
described above. According to reference (4), the lowest Cé.ps value for an

existing subway vent shaft is on the order of C D 5.0, (with the average
s
being on the order of 10), so that, all else remaining constant, neglecting
Cpp . entirely would influence the value of C_. computed from equation (8)
c m
by only 4.5% in this case. In most existing vent shafts the CAp values are
s
usually somewhat higher, so that the presence of CAHC can in practical ap-
A
plications be ignored. However, with very large = 'i/p vent shafts with small
impedance, this approximation may not be satisfactory.

The data plotted in the next section is in terms of

o
s -2 e g .
o A S ¢ ¢]
CAPs

so that the CAHc effect in equation (8) is ignored. As established previously,
this will in general result in poor correlations for the case of CADs = 1.0(no

internal losses), but the correlation will improve for the more realistic higher

values. Thus at very low vent shaft impedance, there exists a non-trivial geometry

influence which tends to vanish as the vent shaft internal losses increase.
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5.1.1 Straight Vent Shafts

Figures (19a), (20), and (21) show C&, vs. S, plots for the straight
vent shafts for grid-produced CAps values of 1.0, 6.5, and 17.0 respectively.
As anticipated previously, the CADs = 1,0 plots (no grids) are poorly cor-
related, whereas the CAPS = 6.5, and 17.0 are very well correlated and de-
scribed by equation (8) with C = 0. Figure (19b) sh =

AH, gure (19b) shows the CAps = 1.0

data correlated by the inclusion of CAHc as given by equation (9), where Ko

assumes a value of 1. 05 for all straight vent shafts tested.

5.1.2 Plenum Vent Shafts

Figures (22), (23), and (24) show the plenum vent shafts for the various
values of C DS’ achieved through the use of grids and/or variations in Av“3/ Ay
and different plenum geometries as described in Appendix B.

It is seen that Fhese results correlate reasonably well with the straight
vent shafts, but the slope K, assumes a somewhat lower value (Ky= 1.0) than
it had with the straight vent shafts. However, the slope seems to be independent

of the value of CAp or the manner in which CA Ps is achieved. Also, a sl'ight

s
non-linearity in the curve is noted in these tests,
5.1.3  Miter Turn Vent Shafts
Three miter-turn vent shafts were investigated which differed in exit-
. A
to-inlet area ratio vi/A . These area ratios were A"i/ = 0.5, 1.0
ve Ave . Uy S9Ny

and 2.0. Each of these vent shafts were tested exhausting in the upstream and
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downstream directions relative to the tunnel flow (Figure (14)). The

Avy / bvg 1.0 miter was tested exhausting to the side at 90° to the tunnel
flow for comparison. In all cases, the inlet area/tunnel area ratio was held
constant at A—:’- = 1 with R =1.0.

In all cases at least 10 channel heights of miter exit duct length were
provided so that the exiting flow could reestablish after the sharp miter turn
before exhausting to the atmosphere. This aspect of the miter is discussed
in more detail in section 5.5. The miter turn vent shaft data is plotted in
Figure (25) where the corresponding values of CAPs are given. It is seen that
the slopes of the Cﬁ, - §, curves retain the same value (K, = 1.05) as that
observed for the straight vent shafts, but that the downstream discharge curve
is displaced downward as in the case of the plenum vent shafts. The upstream
and side-discharge miter exhibits no such pronounced shift.

Since the miter data is reasonably well correlated by equation (8) with
CAHC = 0, one is encouraged to expect that arbitrary replica vent shaft geometries
would be similarly tractable. The fact that the upstream and downstream dis-
charging miters exhibit these characteristic shifts should not constitute & basis

for serious concern because:

a) The shifts are relatively small (-10% in Czi:)
b) Virtually all real subway vent shafts discharge in a

direction normal to the tunnel flow.

5.2 Mass - Inflow; C = f(CAp)

The mass-inflow equation was derived in section (2) as

A [c ’
c. = K. . 5 Lp (10)
1
w A Capg

where K; has been inserted as an empirical correction factor close to unity.

Ay /__Cea_
i A CAps

= 11
n ot K5 | an

Letting

(2]
"

Q
"

5.2.1 Straight Vent Shafts

Figures (26), (27), and (28) show plots of cxi: vs §; for nominal CAps
values of 1.0, 6.5, and 17.0. Itis noted the curves are linear and pass through
the origin as predicted by equation (1). The value of Ki determined from these
data is

K, = 0.965

It is noted that in the case of inflow, no correlation scatter is found for
the low CAps as was the case for outflow (Figure (19a)). The reason is, that the
flow in the vent shaft (which determines CAPS) in the case of inflow is unaffected
by the tunnel flow and depends only upon the local static pressure acting across

the face of the shaft at the vent/tunnel junction. Thus the flow enters the vent

shaft at its intake uniformly (unlike the outflow condition), and no coupling
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coefficient CAHC exists, which is responsible for the correlation scatter at

small CADS as seen in Figures (19a) and (19b).

5.2.2 Plenum Vent Shafts

Figures (29} (30), and (31) demonstrate that equation (11) correctly
describes the behavior of all plenum geometries tested and that the slope
K; = 1.06 remains unchanged. This confirms the fact that the manner of achieving

CAPS does not effect the validity of equation (11).

5.2.3 Miter-Turn Vent Shafts

Figure (32) shows the ability of equation (11) to correlate the miter
turn vent shaft data, It is seen that in the case of inflow, the difference between
upstream, downstream, and sideways discharge does not influence the correlation

substantially, as it did in the case of outflow,

5.3 Static Pressure Change C
g APy

5.3.1 Outflow
The simple theory of section 2 assumed that diffusion of the tunﬁel flow
from D-+@ took place without losses in total head. Obviously, there must
be some loss because the tunnel flow is significantly disturbed by the outflow.
Taking these losses into account, the following relationships apply to

outflow

Capg = Cin (2:C5) -

where )\o> 0 is a total head loss coefficient defined by
OH

No s T
2PV

A o is an unknown quantity which is probably a function of C m as well as
vent shaft geometrical details. Qualitatively, the effect of this loss is to
reduce the magnitude of the pressure differential Py - p1 . Thus we would
expect that for outflow, the experimental points would fall below the theoretical
values. This is seen to be the case in Figures (33) through (35). It is noted
that considerable scatter in the data is evident. Extensive repeat runs have
verified that this is ﬂ experimental error, but rather, must be attributed to
a requirement for further parameterization to unify the experimental points.
The best fit curve of these data yield the following semi-empirical
relationships.

Cpp71+ 067 Coy (1.5 - Cyp)

The theoretical curves

CADx = Ch (2-Cz)
are plotted for comparison,

The C A variation with C " for the plenum and miter vent shafts

Px
showed precisely the same behavior as the straight vent shafts, so that little

purpose is served in preseniinq this data.



In view of the highly complex nature of the flow in this region, and
the fundamental simplicity of the theory, the C correlations presented must

be considered to be acceptable.

5.3.2 Inflow

In section 2 it was found that for the case of inflow, the pressure drop

coefficient was given by

= 2C. (2-C.
% 5 2-C)

(i.e., exactly twice the value of the outflow pressure rise due to the presence
of the vortex surface mixing).

This equation is compared with the experimental data in Figures (36),
(37), and (38). It is seen that the agreement is reasonable.

Also included for comparison is the best experimental data fit equation
fo? all CAps values

, 0.4
Capy =192 Cri

5.4 Effects of Tunnel Cross-Section on Vent Shaft Behavior

Three different tunnel cross section geometries were tested, all with

A
Vi o m=1.0
A

and throughout a range of grid-produced loss coefficients
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. 2
1.0 < CAPS< 3

These cross sections and associated vent geometries are shown in
Figure (15).

A direct comparison of results for outflow and inflow are given in
Figures (39) and (40) respectively. It is seen that while the pure circular
cross section tends to yield somewhat better performance than the other two
(especially the square section at small SO), one cannot distinguish a systematic
difference in the case of inflow.  For outflow, the difference is significant

enough to justify a correction. This can be roughly accomplished by taking

1.0 for the circular X-section with roadbed

Ko
and K, = 0.88-»0.92 for the square cross section

Kl retains its value of

Ki = 0.965

which has already been determined in section 5. 2.
The roadbed cross section and vent shaft configuration is the one which
is being incorporated in DSI-IRT's SAT (Subway Aerodynamic Test Facility).

5.5 Variable Area Miter Turn Loss Coefficients
- Computation of CAp -
s

The results obtained for the head loss in a changing area miter turn as
determined according to the methods of section 5, 2.3 are shown in Figure (41).

It is seen that the method of simulating the behavior of a miter turn by assuming

=81 =



that the flow turns at constant area before the contraction (or expansion) yields

fairly decent correlation with the experimental results. The alternative method
yields no correlation whatsoever.,

Figure (42) shows the total head distributions measured in the miter
mixing duct at various stations along the duct. It is seen that the miter turn
produces great disturbances in the flow, and 8-10 duct heights are required
before the flow re-equilibrates.

In practical subway vent shafts, where miter turns are placed in
series e.g. Figure (43), the spacing between the miters cannot permit re-
adaption of the flow before it enters the next miter turn. The experimental
curve of Figure (41) is valid only when the inflow velocity profile upstream of

the miter is uniform.

5.6 Variable Inlet

Qutflow

The different geometries of variable inlet tested are shown in Figure (16).
The results of the tests are shown in Figures (44), (45), and (46). The results
are easily interpreted with the aid of equation ( 4), re-written below:

m
A Care

. The effect of the sloped or faired inlet is to reduce the value of the inlet loss

CAH- to something less than unity, which is the value that was universally found
i

582 -

for all "T" junctions. It is noted from the above equation that;

i) When CAHi< 1, Cm = O can be achieved with CAp< 0
(i.e., sub-atmospheric pressure upstream of the vent
shaft), but that the minimum possible value of CAp is
-1. 0 (for unpowered vent shafts).

ii) Since CAp—» CAPS for CAPS>> 1, then C4p>> (1- AHi)
for CAp >> 1. Therefore, the higher the value of either
s
C _orC, _, the less sensitive will be the vent shaft to
Ap APg

inlet conditions. Hence, for high impedence vent shafts,
little advantage can be expected to accrue from well de-
signed inlets. On the other hand, for low C AD shafts,

s
considerable benefit can be obtained. Roughly 4% improve-
ment can be expected with the WMATA sloped inlet design
(which has a CAps value of about 10 (reference ( 4)) over
what would have been achieved with a conventional "T"

junction.

These predictions are borne out by the experimental data. Figures
(44) through (46) reveal that at higher values of CAps , very little benefit
accrues from the tailored inlets. At CAps = 1, however, dramatic improve-
ments in performance are achieved vis a vis the 90° junction.

While the circular fairing inlet was in general the best, the performance

of the vent shafts even at small cAp Seems to be remarkably independent of
s
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the inlet slope angles tested (8° , 18°, and 459),
Figure (47) shows the effects of inlet scoops on the vent shaft behavior
at C Aps = 1.0, Itis seen that the scoop tested seriously degrades the per-

formance of the vent shaft over that achieved for the same shaft without the

SCoOop.

Inflow
Figure (48) shows the influence of vent inlet geometry for inflow into

these same vent shafts (designed for outflow). It is noted that the inlet scoop

ruins the inflow into the shaft as would be expected. However, without the scoop,

the sloped inlets behave only slightly more poorly then the standard "T" vent
shaft at CAps = 1.35.

However, at a CAps = 16,2 value, it is seen from Figure (49) that the
influence of the inlet shape is essentially lost.
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6. COMMENT ON DATA REDUCTION

The experimental driving pressure coefficient results were
normalized on the basis of the average transverse dynamic pressure
across in the tunnel as obtained by the integrating pitot static rake.

In other words, the average dynamic head used was

1
(AP)a = RI ap dr

However, the true average dynamic pressure across the tunnel is given by
R

" 417
(Ap)b =TII ap(r) dr de
o o

For the Reynold's numbers existing in the experiment, it was
found that the (1/9)th power law closely described the mean velocity pro-
file. For these conditions,

APy 0.68 Ap 1ax

- 0.83
2P, 0.82 APpayx :

Hence, the driving pressure coefficients are increased by

1
1 3_8-3 = 1.10

over that measured by the diagonally integrating rake.
The reduced data was corrected by this factor to account for this

effect, since experiments indicated that the velocity distributions over the

pipe were cylindrically symmetrical.
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Often the quasi-average dynamic pressure defined as

2

is used as the average dynamic head. In the present study, the true

average dynamic head defined as

" . R
= L Oprdrd®
megffer
is used. Defining the ratio of these two quantities as
K = SPg
APp

the following table may be used to correct from one value to the other,

where U is defined by the turbulent pipe flow power law profile.

(see figure (8) for coordinate system).

TABLE I
DYNAMIC PRESSURE CONVERSION

k
1. 02041
1. 01602
1. 01291

1. 01062

=]

It is seen that there is very little difference between these

two quantities.
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7. CONCLUSIONS
A theoretical annlysls of the behavior of vent shafts was performed

in order to rationally analyze and interpret the experimental data obtained

in the program, and to provide the analytical information required for subway

environmental analysis.

The equivalent of 69 different "T" junction vent shafts have been
tested with inflow and outflow throughout the entire range of mass flow co-
efficients. These vent shafts varied widely in vent-to-tunnel area ratio,
aspect ratio, tunnel cross sectional geometry, vent impedance, and method
of achieving this impedance.

Fifteen vent shafts with six special inlet configurations were also
studied in this program with outflow and inflow.

The internal head losses in a variable area (Ae/ Ai) miter turn
were also determined.

The conclusions of this study are as follows:

1. The relationships

A Croyt } = Caze * ’
. A AH
C. = K, — J 2 = (outflow)

(o]
A Caps * Can,
Ay, c
Cp = K — aF (inflow)
A c
Apg

correctly describe the behavior of vent shafts which essentially intersect

the tunnel at 90" at the vent-tunnel junction.
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In these relationships, CAHC is a parameter which is dependent

upon the coupling between the tunnel flow and that exiting through the vent

shaft., C,..  represents the loss in kinetic energy suffered by the tunnel
1

AOH

flow as it enters the shaft. CAHi has a theoretical limit of zero for a

perfectly designed inlet.

2., For "T" - junction vent shafts

a)

b)

c)

d)

C = 1.0

AHj

CAHC may be neglected for C Aps>> 1. For example,

CAp = 5, a 4.5% error could be expected by neglecting
s

CAHc for an A"1/ 'A = MR = 1,0 straight-discharge vent

shaft.

CAH becomes an important, though generally unknown

c

parameter for CAP—D 1.0 (an efficient vent shaft).
s

For straight-discharge vent shaft geometries, it has

been found that 0.15

0.35 [Ay )
Cag, = 0-45 (R) ( N

Strictly speaking, it can only be claimed that this relation-

~ ship is valid for a vent height-tunnel diameter (H/D) of

4,0 which is the value tested in this program. However,
limited testing appears to indicate that it is applicable
for H/p 21

<38 =

e)

rg)

The behavior of K varies somewhat with vent shaft
internal geometry - i.e., the manner in which CA Ps
is achieved. A good average constant value of this
parameter will give +5, -15 % or better accuracy in
the low C . range (OSCIﬁ <.0.25) and + 5% accuracy
in the high C . range (0. 265 C; < 1.0) for most vent
shafts.

Ki = .965 for all vent shafts, and is independent of the
manner in which CAps is produced.

The axial static pressure rise across an outflowing

vent shaft is given by the semi-empirical relationship

CAPx = Cp (2-Cp) (theoretical)
CAP:L 087 Cy, (1.5 -Cp) (best fit empirical)

The axial static press.ure drop across an inflowing vent
shaft results from the combined mechanisms of flow
acceleration and turbulent mixing along the vortex surface.
Each accounts for roughly half of the pressure drop. Theory

predicts the following relationship.

CApx = 2 C!-n (Z'Cu';) (Inflow)

A best-fit experimental curve is

. 1.92(cu-1)°"1 (Inflow)

Covy
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3. The tunuel cross sectional geometry has a slight influence on vent
shaft performance in the case of outflow, but negligible influence on
inflow. The difference in the case of outflow can be accounted for by

replacing the Ko = 1. 05 value found for circular cross sections by

K = 1,0 for circular tunnels with roadbeds
o
and K, = 0.88-%0.92 for square tunnels

at least for the geometries tested, which were

L =R =10

4, a) For sloped and faired inlets, CAHi assumes values less than
unity, yielding significant improvements in vent shaft outflow
performance in the case of low impedance shafts CAPs =0 [ 1 ].
The benefits achieved evaporate rapidly as C AP is increased.
At CAPs = 10, the sloped and faired inlets yield something on
the order of a 4% performance improvement in outflow. The

inflow performance is not substantially affected, especially gt

the higher values of C AP’

b) Flow scoops seriously degrade vent shaft outflow and inflow
performance, at least at the lower values of cAps tested. The

penalty is on the order of 35% for an 18° slope/scoop inlet.

5. Since an accurate determination of CAps is required for precise pre-

iabilit
diction of Cn'a and hence CApx' it is important to assess the reliability

- 40 -

of standard engineering methods in determining CAps for arbitrary vent

shaft geometries. The variable area miter-turn intern;I loss study revealed
that 8 - 10 duct heights are required for the flow velocity profile to re-
equilibrate and become sensibly uniform. In practical subway vent shafts
consisting of a series of miter turns, on the order of one or less duct heights
exists between turns. Hence, a highly non-uniform, or often even reversed
profile enters the downstream miter turn after passing through the preceding
miter. Under these circumstances, prediction of CAps becomes intractable,

Improved vent shaft designs for subway systems can result in

reduced values of CAPS' Certainly, every effort in this direction should be

made to insure optimum ventilation within the system. Unfortunately, as
described previously, under these circumstances the actual performance of
the vent shaft becomes more difficult to predict. Furthermore, the effect
of an operating exhaust blower located in the vent shaft causes the effective
cAps to be greater, or less, depending on whether or not one has inflow or
outflow. In the case of outflow, an exhaust fan can cause cAPs to be small,
zero, or negative, which means that CAHC now becomes important, but

unfortunately unpredictable even for simple geometries.
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A.l VST FACILITY OPERATION & PROCEDURES

The general configuration of the VST facility is depicted schematically

in Figure (1). It consists of a plenum box 4'x5'x6' supplied with air at 1.75 psig

at a volume flow rate up to 4800 cfm. Air flows through a cooling coil into the
plenum box then into a 12" i.d. tube (same tube used in moving vehicle test
facility) in which the mass flow rate is measured by means of a DISA hot wire
mass-flow meter (mh,) or integrating pressure rake. A tube length of 20 dia-
meters is provided downstream of the inlet to permit a fully turbulent flow pro-
file to be developed.

At the downstream end of the rig is the ETL (effective tunnel loss)
valve assembly which can be accurately adjusted to simulate pressure drops
corresponding to exit tube length/diameter ratios between 0 and®©. The ETL
valve assembly is mounted on a carriage so that it can be displaced axially to
accommodate test sections varying between 0 and 50'. Just upstream of the
ETL valve is another DISA mass-flow anemometer (ﬁxz) or integrating rake,

For suction, the blower valves are changed and flow enters a 20 foot
tube through an inlet fairing to permit fully developed turbulent flow. It then
passes the test section and through the plenum box, and is exhausted by the
blowers. Mass flow rate is measured before the test section and again before
the plenum box. Screens are used after the test section to allow the flow to
fully develop before the mass flow measurements are taken.

The plenum box is used directly with the vent shaft to exclude the vent

inlet losses. The vent shaft is attached to a transition box on the top of the

-Al-

plenum, and for blowing a 17 1/2 inch diameter tube with an inlet fairing
and screens are used to measure the mass flow rate. For suctiona 7 1/ 2"
nozzle is used for mass flow measurements.

A schematic representation of the VST facility is shown in Figure (1).
A sound proofing box is placed around the blowers and special material is also
used inside the plenum to attenuate the sound reverburations.

Figure (2) shows the vent shaft setup for blowing on the plenum. The
transition section has faired inlet that provides the vent shaft with an ideal
loss free inlet.

Figure (3) shows the vent shaft setup for suction. A ground plane is
added at the tope of the vent shaft to simulate the pavement or ground level.

A screen is used inside the transition section to provide uniform flow into the
nozzle for mass flow measurement.

Figure (4) shows the control vent shaft setup "in situ". The location
for suction and blowing mass flow rate measurements are shown in the figure.

Figure (5) shows the miter vent shaft in both the plenum setup and
"in situ", '

Figure (6) shows the variable inlet vent shaft "in situ". For suction
the vent shaft section was turned 180° around.

Figure (7) shows the SAT vent shaft "in situ".

A.2 INSTRUMENTATION
The following is the list of instrumentations used for the vent shaft
testing.

-A2-
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The control vent shaft test parameters are defined as follows:

Aspect ratio

Inlet area ratio

Exit area ratio

Vent Shaft Loss
Coefficient

(impedance)

Refers to the inlet opening of the
vent shaft. The length of the inlet
parallel to the tunnel (b) divided
by the width of the opening, °/..

The inlet area of the vent shaft (Ay)
divided by the tunnel area (ap. 1

The exit area of the vent shaft (A, )
divided by the tunnel area (At)' ©

The total loss coefficient thru
the vent shaft from the plenut box
to atmosphere where the inlet con-
ditions are ideal,

The code system that was used consists of four digits in the following order:

-

II.  Second digit
IOI. Third digit
IV.  Fourth digit

. First digit

Signifies Aspect ratio

Signifies Inlet Area ratio
Signifies Exit Area ratio
Signifies Shaft Loss Coefficient

The range of each variable and the appropriate codes are listed below:

Code I

O D e

o
oCoowm

Sor

Aspect ratio = by

Code II

Do

Code III

OV WD =

Code IV

W =

"

wonon

o~ —

A
=
Inlet Area/Tunnel Area = i

.25

MROO
cown

Ay
‘Exit Area/Tunnel Area = Tﬁ
(Using an exit plenum box attached to the vent shaft exit)

0.25
0.5

o
oo

Vent Shaft Loss Coefficient

(Using different mesh grids in the vent shaft)
Low impedance

Medium impedance

High impedance

Table I below lists the actual impedance values for each vent shaft. For

blowing the values were identical for all straight vent shafts (i.e., with-

out the exit plenum box).

*For the miter vent shaft 6 = 1.5
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-y g -
VENT SHAFT IMPEDANCE VALUES ,
o
Impedance o ! .
v v . ; . B :
Vent Code Blowing Suction : 58 ;
- o
I O II 1 3 5 1 3 5 E . |
(=] ) 5.
8 b |
1 1 1 1.0 6.5 17 1.4 6.0 16 5 R 5 ol ;
& B .. iy
2 1 1 1.0 6.5 17 1.3 5.48 18 < : = Lo
< L Ty
1T 2 2 1.0 6.5 17 1.4 597 186 8 . R
2 2 3 1.0 6.5 17 1.31  5.61 16 gg . '
: . a } Lo
3 2 2 1.0 6.5 17 1.4 573 186 e - i
2 3 3 1.0 6.5 17 1.3 6.0 16.2 & § :
g ~ e
3 3 3 1.0 6.5 17 1.38  6.34  16.5 ’g’, ‘ Ng =3 \ el ety
o8 W ke
4 3 3 1.0 6.5 17 1.42 5.94 16.5 2 -—\K,gi{ 5 \-.::‘
8 1 Y " 5"‘ 8 .? : .
3 4 4 1.0 8.5 17 1.2 65 18 ) |V & ° g !
2 & B arity
4 4 4 1.0 6.5 17 1.7 7.0 18.8 2 ggg B Al e
‘ =1 ” . Yk
(= > » B
g gg @ {2l
With Plenum Chambers e € - :
: : g ;
2 1 2 5.3 18 25 .72 6.15 - 18 o , ' -3 Lo
= e S
2 1 3 3.7 16.5 24 1.3¢ 5.63 16 :
2 1 4 3.3 17 32 .22 5.64 16
2 3 2 5.3 18 25 7.29 11.9  20.8
2 3 3 1.9 6.2 16.5 2.3¢  7.05 16.7
2 3 4 1.2 5.5 15 1.28 6.1 15.7 ' : " : :
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Control Vent Shaft Test Sotup in tunnel




Control
Vent Shaft
Test Section

E.T.L.
Valve \ .
\ VST
= o lWllW . i m Plenum
) " ~Road Bed
g -
o 4—— Supports ——P _
SAT-VENT SHAFT SET-UP
FIGURE (B -5)
. v & Fairing
~1,90%-45%" ~18° ~8°
. E.T.L. VALVE . ll\;
/ ~ —_——

pess——

B

¢————— SUPPORTS —>

PLENUM

L 5
’

VARIABLE INLET VENT SHAFT

FIGURE (B -4)




VENT SHAFT IMPEDANCE VALUES

Impedance
Vent Code Blowing e
I IO 1m 1 3 5 1
With Plenum Chambers (continued)
3 4 3 7.9 12.5 22.5 8.5
3 4 4 2.3 7.7 18 3.17
3 4 5 1.3 6.0 16.5 1.4
Miter Vent Shaft
2 3 1 21 N./A N/A
2 3 2 7.0 " "
2 3 6 .79 ™® "
2 3 3 2.5 = "
2 3 4 .2 " r
2 3 2 Jo00= = L
2 3 3 2.5 " "
2 3 4 .2 " "
SAT Vent
2 3 3 1.4 6.5 N/A 1.2
With Exit Area Change
2 3 2 7.0 19.0 4.0

Variable Inlet Vent (mates with

2 3 3 1.0

uare tunnel

6.5 17

-B 9-

1.35

Suction

3

15.52
8.63
6.8

5.85

2.44

1.55

2.4
6.18

8.0

21

5.65

27
14.88
18.6

N/A

16.2

Examples of using the code system:

A. 1 2 2 5
ab c d
a. Aspect ratio = 0.5
b. Inlet Area ratio = 0.5
c. Exit Arearatio = 0,5
d. Loss Coefficient = 17.0 Blowing
(Table I) or 16 Suction
B. 2 3 4 3 (Exit Plenum Box)
a b c d
a. Aspect ratio = 1.0
b. Inlet Area ratio = 1.0
c. Exit Area ratio = 2.0
d. Loss Coefficient = 5.5 Blowing

or 6.11 Suction

-B 10 -



APPENDIX C
ERROR ANALYSIS

An analysis was performed to find the influence of the error
band of the raw data on the final reduced parameters.

Two cases are presented. The first of a small vent shaft where
the mass flow rate is low and the pressure values are also low. The second
is for the medium and larger area vent shafts which constituted 85% of all
vents tested.

The error band for the water manometers that are used to measure
upstream and downstream pressures is + 0.05 inches. Their maximum use-
ful range is 36". To measure velocity a delta micromanometer was used with
an accuracy of + 2.5 mm on the most sensitive reading range (. 05 x scale).

A limitation on the small vent shafts with large values of C ; was
the maximum static pressure that could be read without blowing the water
manometers. That being 34 inches of water occuring at high C o (=1). Asa
worst case example using a vent shaft with an inlet area of 1/4 that of the

tunnel area and a high vent impedance, (i.e. 17);

Ay C
c, - Ai ap
Capg
A 2
or cap R (L CAps when Cu-]=1
Avi
Py = P, Py =P
therefore CAp = 16x17= 11 °; s 1@
§PV1 APy

Using the maximum travel of the manometers - 34 inches,

-Cl-



- 34
17 P = ,175 inches
(16) (17) (16) (17)

or equivalent to 87 mm onthe .05 scale.

The uncertainty on the measurement of Cx'n is

+2.5
= - = 3 . - =
Cm 87. X % H CmV hd 6%

For measuring CApx at Cn-) =1

From the data
C. = Dx _ 0.4£.05 = 2.3+ .285
Aapry op, .175
or worst error band on CAD, is:
C. = 4 12%
apy -

For case two, representative of approximately 85% of the vent shafts

tested, the nominal error for C from the data is

apy
- i ap, .9+ .05
APy Apu 7.2
or error of
C = + 5.2%
APy

For measurements of CAps' on top of the plenum box, two micromanometers

were used. One was used to measure the mass flow, and the other to measure

e C 2 e

the pressure drop across the vent shaft including the CAHS grids.,

For suction, the cross section area where mass flow was mea-
sured, was 1/3 the tunnel area. This allowed high manometer reading,
Therefore, even on the smallest vent shafts with high CAHS grids, the
accuracy on fo: was within + 5%,

For blowing measurements the mass flow was measured in a
Section with an area ratio to the tunnel area of 2.0. For small vent shafts
and high CAHS grids, the accuracy was + 20%. For the nominal vent shafts
(85% of the cases), the accuracy was + 7% or better,

The data reduction was performed using a digital computer

(IBM 360-67) eliminating any errors in final coefficient computations,

«C3.





