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On the Cover: A Large Wind Tunnel and Model

The cover photo shows a full-size “model” of a short takeoff, vertical landing, supersonic
aircraft. The model is mounted 40 ft above the floor of the world’s largest wind tunnel—the
new 80 X 120 ft test section—at NASA Ames Research Center. (The man on the tunnel floor
shows the scale.)

This aircraft uses the ejector concept, in which relatively cool fan air is directed to the
ejector system—the inlet louvers visible along the aircraft fuselage—to produce lift. This
creates a relatively cool flow field on the ground beneath the vehicle. The remaining air is
exhausted out the rear nozzle to provide thrust for forward flight.

A key test objective was to measure the thrust augmentation of the ejector system. Full-
scale testing allows duplication of flight Reynolds number, which is important in the transition
from hover to wing-borne flight following vertical takeoff. Large-scale testing also provides
more reliable powerplant and ejector performance data than small-scale tests. The very large
test section minimizes extraneous effects on vertical force data.
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380 8/NTERNAL INCOMPRESSIBLE VISCOUS FLOW

equations and curves of coefficients versus Reynolds number are given £
metering elements in the next three subsections, following a general corm
their characteristics.

As we have noted, selection of a flow meter depends on factors such
accuracy, need for calibration, and ease of installation and maintenance.
these factors are compared for orifice plate, flow nozzle, and venturi mete
ble 8.5.

Table 8.5 Characteristics of Orifice, Flow Nozzle, and Venturi Flow Me

Flow Meter
Type Diagram Head Loss Cost

Orifice D High

Flow Nozzle D Intermediate Interme

Venturi e High

Flow meter coefficients reported in the literature have been measured
developed turbulent velocity distributions at the meter inlet (Section D).

meter is to be installed downstream from a valve, elbow, or other distus
straight section of pipe must be placed in front of the meter. Approxis
diameters of straight pipe are required for venturi meters, and up to 40 diame
orifice plate or flow nozzle meters. When a meter has been properly ins
flow rate may be computed from Egs. 8.49 or 8.51, after choosing an ag
value for the empirical discharge coefficient, C, or flow coefficient, K, &=
Eqs. 8.47 and 8.50. Some design data for incompressible flow are given in
few sections. The same basic methods can be extended to compressible &
these will not be treated here. For complete details, see [8] or [24].

8-10.1 The Orifice Plate

The orifice plate (Fig. 8.22) is a thin plate that may be clamped between pipe
Since its geometry is simple, it is low in cost and easy to install or repis
sharp edge of the orifice will not foul with scale or suspended matter. ¥
suspended matter can build up at the inlet side of a concentric orifice in a &
pipe; an eccentric orifice may be placed flush with the bottom of the pipe
this difficulty. The primary disadvantages of the orifice are its limited capas
the high permanent head loss due to the uncontrolled expansion downstre
the metering element.

Pressure taps for orifices may be placed in several locations, as shows

8.22 (see [8] or [24] for additional details). Since the location of the press
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382 8/NTERNAL INCOMPRESSIBLE VISCOUS FLOW

lable for orifice plates with D and D=

NS

A similar correlating equation is avai
ent correlation for every line size. Pipe taps,

Flange taps require a differ
2% and 8 D, no longer are recommended for accurate work.
Example Problem 8.12, which appears later in this section, illustrates the

cation of flow coefficient data to orifice sizing.

8-10.2 The Flow Nozzle
g elements in either plenums or ducts. &

‘ Flow nozzles may be used as meterin
pse. Design

in Fig. 8.24; the nozzle section is approximately a quarter elli
and recommended locations for pressure taps are given in [24].

%
Flow nozzie
Nozzle .
P Dg Flow 71__—> Dy Do F_Ep

—_—

V=0
[ i [ o
W, 4 Ez::::::m

Plenum chamber / p1 P2

Flow coalliclent, K

! 77 fa(y 7777777777777/,
i (a) In plenum (b) In duct
: ) o : -y =
Fig. 8.24 Typical installations of nozzle flow meters. o |
L Fo
The correlating equation recommended for an ASME long-radius flow noE =TT
] L= T
el

is
6.538°°
0.5
Rep,

C =0.9975—

Equation 8.55 predicts discharge coefficients for flow nozzles within 2.0 8
for 0.25< B <0.75 for 10* < Rep, < 107. Some flow coefficients calculated & o

8.55 and Eq. 8.50 are presented in Fig. 8.25. (K can be greater than one ¥
velocity of approach factor exceeds one.)

a. Pipe Installation

For pipe installation, K must be read from Fig. 8.25. Figure 8.25 shows &
essentially independent of Reynolds number for Rep, > 10°. Thus at high fie
the flow rate may be computed directly using Eq. 8.51. At lower flow rates.
K is a weak function of Reynolds number, iteration may be required.

b. Plenum Installation
nozzles may be fabricated from spun aluminum. 5
rals. Thus they are simple and cheap e =
the location of the dow

For plenum installation,
fiberglass, or other inexpensive mate
and install. Since the plenum pressure is equal to p2,
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384 8/INTERNAL INCOMPRESSIBLE VISCOUS FLOW

accurately. Flow meters with single throats usually are considered for flow =

a 4:1 range [8]. .
The unrecoverable loss in head across a metering element may be expre

a fraction of the differential pressure, Ap, across the element. Pressure lo

displayed as functions of diameter ratio in Fig. 8.26 [8].

I I )
Square-edge orifice |
/ q g e

Flow nozzle

Venturi
15° exit cone

Permanent head loss, percent of differential

| | | | |
0.1 0.2 0.3 0.4 0.5

Diameter ratio, B = ll)l;

Fig. 8.26 Permanent head loss produced by various flow
metering elements [8].

8-10.4 The Laminar Flow Element

The laminar flow element’ is designed to produce a pressure differential direes
portional to flow rate. The laminar flow element (LFE) contains a metering
subdivided into many passages, each small enough in diameter to assure
oped laminar flow. As shown in Section 8-3, the pressure drop in laminar &
is directly proportional to flow rate. Because the pressure drop versus flow =
tionship is linear, the LFE may be used with reasonable accuracy over a 10
of flow rate. The relationship between the pressure drop and flow rate for &
flow also depends on viscosity, which is a strong function of temperature.
fore, the fluid temperature must be known to obtain accurate metering with

A laminar flow element costs approximately as much as a venturi, but it &
lighter and smaller. Thus the LFE is becoming widely used in applicatioss
compactness and extended range are important.

EXAMPLE 8.12—Flow through an Orifice Meter

An air flow rate of 1 m%/sec at standard conditions is expected in a 0.25 m
duct. An orifice meter is used to measure the rate of flow. The manometer
to make the measurement has a maximum range of 300 mm of water. What
orifice plate should be used with corner taps? Analyze the head loss if the
at the vena contracta is A, = 0.65 A,. Compare with data from Fig. 8.26.

3 Patented and manufactured by Meriam Instrument Co., 10920 Madison Ave., Cleveland. &
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386 8/INTERNAL INCOMPRESSIBLE VISCOUS FLOW

Thus our guess for S is still too large. Guess B =0.65. From Fig. 8.23. &
0.67. From Eq. 1,

_0.295

= m = 0.698

There is satisfactory agreement with 8 = 0.66 and
D, = BD; =0.66(0.25 m) =0.165 m

To evaluate the permanent head loss, apply Eq. 8.28 between sections (1
Computing equation:

V3 V3
(% +a12/+71/)—<% +a32/+g//>= hi,

Assumptions:  (3) a;Vi=a3V}
(4) Neglect Az
Then

h. = PLTP3_ p1— p2—(p3— p2)

Ip = =
P P

The pressure at @) may be found by applying the x component of the mome:

to a control volume between sections @) and 3).

A1 Flow —> ':

Ag= Avena contracta

Basic equation: =0(5) =0(1)

B 4B =2 updV+J upV-dA
I Jev cs

Assumptions: (5) Fp, =0
(6) Uniform flow at sections @) and Q)
(7) Pressure uniform across duct at sections @ and @)
(8) Neglect friction force on CV

(p2= P3)A1 = ur{=|pVaAal} + us{|pVaAs|} = (u3 — u2)pQ = (Vs — Va)pld

p3— P2=(‘72—‘73)i—Q
1
Now V5 = Q/A,, and

_ @ g
. 0.654, 0.65824,

P 1
Ba= 9= g [0.65,82 IJ
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