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TEST REPORT,
AIR FLOW CONTROL DEVICE FOR 241-SY

WASTE TANK VENTILATION

1.0 SUMMARY

This report documents the development and testing of a passively
operated, constant air flow control device. Included in this report are a
test procedure and test results. Testing determined that the device meets the
stated design requirements, specifically with reference to its range of useful
operating flow rate, pressure drop across the device, and ability to
accurately regulate air flow.

2.0 BACKGROUND AND SCOPE

The testing reported herein is part of an ongoing effort to develop flow
control technology suitable for use on waste tank ventilation systems
(Minteer 1995; Tuck 1995 & 1997). Testing was conducted 10-17 April 1996, in
Room 216 of building 2101M, 200 East area (see Figure 1). Test support was
provided by the Vent and Balance organization, John Comer, manager.

Testing was performed to determine whether the subject device (ref.
LHHC 1997) can meet or exceed the functional requirements set forth in the
engineering work plan (Andersen 1997) and similar to those that governed
previous designs (VanderZanden 1995; Minteer 1996; WHC 1995 & 1996) with the
exception of flow rate; an increase in size of the device was expected to
double the useful flow range over the previous design. Specifically, testing
was based on the following design goals:

• Ability of the device to maintain air flow rate within ± 10% of a
set value, over a range of device differential pressure (6P) from
0.75 to 4.00 inches w.g. (0.19-1.0 kPa).

• Ability to control air flow over a range from approximately 50 to
1000 ft3/min (24-470 1/s).

• Extended device performance below the specified device 8P range,
i.e. less than 0.75 inches w.g.

3.0 DESCRIPTION

The air flow controller is a passively operated, self-regulating device
designed to be installed at a system inlet or in line with a filter housing,
ventilation duct header, or other equipment. A single moving part, the port
controller, adjusts the internal flow resistance of the device in response to
changes in pressure. Increasing pressure across the device causes the port
controller to lift, gradually closing the outlet and restricting flow. By
this means, an equilibrium is approached with which the device maintains a
constant rate of air flow through a ventilation system as the 6P across the
device (or the system) varies. By means of a view port on the device, this
action may be observed in operation as a slight oscillation or levitation of
the port controller.
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•TO ROOF-MOUNTED FAN

• DOWNSTREAM DAMPER

- 8- IN. DIAM. STRAIGHT DUCT

PROTOTYPE FLOW
CONTROL DEVICE
<SHELL ASSY. V /
PORT CONTROLLER
INSTALLED INSIDE) -

' 3 - I N . TALL BLOCKS TG _
SUPPDRT DEVICE, 3 PL

AIR ENTERS DEVICE
THROUGH BOTTOM
OPENING

FIGURE 1. Diagram of Flow Control Device Test Setup

(Testing conducted in 2101M, Room 216, 10-17 April 1997,
with assistance of Vent and Balance organization)
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The nominal flow rate for the device is set by means of a field-
changeable orifice plate. The theory, operation, and attributes of the device
are discussed in greater detail elsewhere (Minteer 1995; Tuck 1995).

The device was designed and fabricated per H-2-828962 (LMHC 1997). The
referenced drawing is essentially a final, field-useable design, and this
supporting document represents the extent of developmental testing performed
on the device. The device was scaled up 50% in its critical dimensions from
earlier, tested designs (e.g., shell or housing diameter was increased from
12 to 18 inches [31-46 cm]). The intent of this change was to approximately
double the flow capacity of the device without affecting other performance
parameters.

4.0 METHODS AND MATERIALS

Testing was conducted indoors, in a climate-controlled environment free
from drafts or significant variations in air temperature and pressure during
the course of testing.

Test equipment included:

• Flow control device, consisting of a shell assembly with port
controller installed inside (ref. H-2-828962), orifice plates of
assorted sizes, and two pressure taps (1/4-inch [6 mm] hose barbs,
located to measure "device SP" and "plate 6P") arranged in a test
setup as shown in Figure 1.

• Fan with capacity in excess of 1000 ft3/min at 4.0 in. w.g. static
pressure (470 1/s @ 1 kPa), as measured across device being
tested, in addition to losses through connecting ductwork between
fan and device.

• A "flow measuring duct" consisting of a seven-foot (2.1 m)
straight length of 8-inch (20 cm) diameter plain sheet metal duct,
with two velocity measurement ports @ 90° apart located 60 inches
(1.52 m) from one end (inlet from device), providing the required
minimum of 7.5 diameters downstream length per ASHRAE Fundamentals
(ASHRAE 1993).

• Plenum, same diameter as device shell, with a flanged bottom that
mates with the top flange of the flow control device, providing a
transition to the measuring duct.

• Transition fittings and flexible duct sections as required to
connect the measuring duct to the device being tested, at one end,
and the fan at the other end.

• In-line "fan damper" downstream of flow measuring duct to vary the
external pressure across the device; in some cases this consists
of two dampers in series. The "bypass damper" shown in fig. 1 was
part of the existing test facility and was left closed.

• Duct tape.

• Neoprene gaskets.



HNF-SD-WM-TRP-285 Revision 0

• Hardware (bolts and nuts) for joining flanged components.

• Flexible plastic or elastomer tubing, 1/4-in. (6 mm) I.D., for
connecting instrumentation to test ports.

• Small Pitot tube with insertion positions marked for an 8-point
velocity traverse per ASHRAE Fundamentals, Chapter 13, for use on
the 8-inch diameter measuring duct.

• Calibrated micromanometers (3) accurate to ± 0.001 inches w.g.
(0.25 Pa) over a range of 0.1 to 10.0 inches w.g. (0.025-2.5 kPa);
property numbers and calibration dates are recorded on test data
sheets.

• Thermometer for measuring room air temperature.

The following tests were performed, including a brief description:

4.1 Nominal Flow Rate and % Error for Various Orifices

The purpose of this test was to demonstrate that the flow controller can
meet the requirements of flow and pressure range and maintain constant flow
within the same ± 10% tolerance as previous designs featuring a removable
orifice plate. Also, testing was conducted to document performance data for
use in definitive design. Data of interest included flow rates for a range of
orifice sizes, to be included on drawings or other documentation.

The flow controller (ref. H-2-828962, or LHHC 1997) was connected to the
test setup shown in Figure 1. The flow rate setting of the device was varied
using various orifice plates, to obtain orifice diameters ranging from 1/2 to
9 inches (1.3-22.9 cm).

For each orifice plate installed (i.e., each flow setting), the 8P
across the device (as measured from the 8P1 tap in Figure 1) was varied using
the downstream fan damper, from approximately 0.3 to 4.0 in. w.g. (0.07-
1.0 kPa). Except in the cases of the smallest orifices (i.e., 1/2 and 1-inch
diameter), this range included the minimum 6P required to levitate the port
controller. At each device 8P, measurements were made of measuring duct air
velocity and the SP across the bottom plate of the port controller. Velocity
readings were taken per standard methods (ASHRAE 1993) and used to derive
volume flow rate. Data were analysed statistically and used to generate
performance curves for the air flow controller.

In detail, the following test steps were followed (order of damper
settings was varied in some cases at the discretion of test engineer):

4.1.1 Configure test setup and instruments (as described above).

4.1.2 Select and install desired orifice plate and record size at top of data
sheet.

4.1.3 Close fan damper (downstream, between flow control device and fan).

4.1.4 Start fan.
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4.1.5 Slowly open fan damper until the Port Controller has risen as far as
physically possible or the device 6P reaches 4.2 +0.1 in. w.g. (1.05
±0.025 kPa). Note approximate location of Port Controller.

4.1.6 Determine the flow rate of air through the device, recording average
velocity and flow rate on the data sheet.

4.1.7 Record the device and Port Controller plate SP readings on the data
sheet.

4.1.8 Slowly close the fan damper such that the 6P across the device
decreases by approximately 0.5 in. w.g. (0.12 kPa) from the previous
setting. Smaller or larger increments may be used depending on how many
data points are desired. Measure the duct air velocity, the device and
plate 8P, estimate the location of the Port Controller, and record
information on the data sheet.

4.1.9 Repeat step 4.1.8 until device 8P below 0.5 in. w.g. (0.12 kPa) is
reached or the lowest possible device SP occurs without the control port
assembly resting on its bottom stop (i.e., not levitating).

4.1.10 Close fan damper and shut off fan.

4.1.11 Replace orifice plate and record size on a new data sheet.

4.1.12 Repeat steps 4.1.4 through 4.1.11 until all of the available orifice
sizes have been used, including a 9-inch (22.9 cm) diameter orifice
(i.e., no orifice plate installed).

4.1.13 Disassemble test equipment.

4.1.14 Perform calculations as follows:

4.1.14.1 For each data set (i.e. orifice size, or flow setting), calculate
the mean flow rate, the sample (unbiased) standard deviation of the
measured flow rates, and the estimated error or constant flow
uncertainty using the formula below. Record on data sheet.

Estimated Constant Flow Uncertainty (Error), UFL0U:

UFL0U, (±% flow), = 100(2af/Fra)

where: of = the sample standard deviation of measured flow
rates

Fm = the mean flow rate

4.1.14.2 If UFL0W is greater than ± 10% at any flow setting, discard any
obviously out-of-range (i.e., low flow) measurements corresponding to a
low device 8P while maintaining a lowest measured device 8P of no more
than 0.75 in. w.g. (0.19 kPa) in the remaining data set. Recalculate
UFL0W if needed for the reduced data set; if UFL0W is decreased from
previous calculation, record this second result on the data sheet. If
UFL0U is not decreased from previous calculation, record the original
result on the data sheet. Also, record the range of measured plate 8P
for the data set used to calculate the recorded value for U n n u.
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4.1.14.3 For each data set, calculate the mean Port Controller plate 8P, the
sample standard deviation of the measured plate 8P, and the estimated
error or-constant plate 6P uncertainty (UPL.DP) using formula below.
Record UPL.DP on the data sheet.

Estimated Constant Plate 8P Uncertainty (Error), UpL.DP:

UPL.DP, (± % flow), = 100[sqrt(l+(2aDP/Pm)) - 1]

where: aDP = the sample or unbiased standard deviation of
measured plate 6P

Pm = the mean plate 8P

[BASIS: The basis for this formula (Hinteer 1995) is that changes in
flow through an orifice or other restriction are directly proportional
to the square root of the change in SP. The measured "change" in the
Port Controller plate 8P is taken as ± two standard deviations.
Therefore, U™_DP and UFL0U are roughly equivalent measures of error but
relate to different parameters. Note that changes in plate 6P are
influenced by experimental uncertainties such as instrument accuracy,
test setup, etc. as well as by the device's accuracy; however, the error
inherent in measuring flow that contributes to UFL0H, especially at lower
flow rates, is eliminated.]

4.1.14.4 Record minimum device 6P vs. Mean Flow Rate, using the lowest device
SP in the data set for each orifice plate; this defines the lower bounds
of the operating envelope for the air flow controller, in terms of
device SP and flow rate.

4.1.14.5 Plot mean flow rate against orifice size and determine the "best
match" of the data to a linear or other algebraic function, from which a
nominal mean flow rate can be predicted with reasonable accuracy for any
orifice size within the range tested; this information will used to
specify orifice sizes on the design media, or for planning purposes.

4.2 Relationship of Flow Rate to Port Controller Weight

The purpose of this test was to test the effect of port controller
weight on device performance. This test also provides a means of extending
the flow range of the device.

A test setup was constructed similar to Figure 1, with no orifice plate
in the port controller (9-inch diameter, "set" orifice). A set of steel
weight rings, 11-1/4-inch O.D. x 9-1/4-inch I.D. x 0.06 inch thick (28.6 x
23.5 x 0.15 cm), with an approximate weight of 0.56 lb (0.25 kg) each, was
fabricated for use in this test. The weight rings fit over the cylindrical
portion of the port controller to rest on top of the bottom plate. The weight
rings may be stacked in this fashion, providing a means of varying the weight
of the port controller without creating a weight imbalance or otherwise
adversely affecting its performance.

The same test procedure was followed as in Section 4.1, with the
exception that the data sets correspond to various quantities of weight rings,
or port controller weights, as opposed to orifice sizes. The flow rate was
expected to increase with increasing port controller weight.
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5.0 RESULTS AND DISCUSSION

Test #1 (Nominal Flow Rates): Data from the first test are presented in
Table 1, below. A population of flow measurements was obtained over a range
of device 6P for each orifice plate, or flow setting. Both port controller
bottom plate 8P and flow readings were analysed for a statistical mean and
sample standard deviation, corresponding to each orifice plate used. From the
mean and standard deviation, derived quantities Up,™, and UPL.DP were computed
as described in procedure steps 4.1.14.1 and 4.1.14V3.

Flows down to approximately 50 ft3/min (24 1/s) were tested. That the
device is apparently not capable of regulating to lower flows is suggested by
the fact that similar flows were measured for both the 1/2-inch and 1-inch
orifices; no smaller orifice size was tested.

Flow measurements from orifices less than 3 inches in diameter,
corresponding to flows less than 100 ft /min (47 1/s), exceed the criterion of
UF,0U < 10%. With one exception (namely the 8-inch orifice), measured flow
rates above 100 ft3/min fall within UFL0U < 10% and indicate that the device
maintains constant air flow in this range, as required. The range extends
only to about 700 ft /min (330 1/s); to obtain higher flow rates the range of
the device must be extended using weight rings (this is discussed later, in
the results for Test #2).

These results are partly explained by limitations inherent in the use of
UFL0H as an indication of error. The measurements provide a reasonably
accurate indication of nominal flow rate for a given orifice plate. However,
UpL0H relies on the ability to accurately measure the velocity of air flow in
the measuring duct and includes some measurement error introduced by use of
the Pi tot tube to measure flow. The magnitude of this error increases toward
the bottom of the useful range for this method (ASHRAE 1993), which in this
case corresponds to about 60 ft3/min (28 1/s), or 180 ft/min (0.9 m/s) average
velocity in the 8-inch diameter measuring duct. This increase in error at
lower flows is readily apparent on inspection of the data in Table 1.

This fact is made more obvious by comparing plate 8P data, where
generally lower values are seen for "Up. DP" over the range of flows. Also,
the plate 6P data show a more consistent performance of the device over the
entire range tested. This is explained by the fact that the velocity
measurement portion of the total error is eliminated. Based on UPL.DP, the
results show that the device operates within the required margin of error,
with the exception of the 1/2-inch and 8-inch diameter orifices. As suggested
above, the case of the 1/2-inch diameter orifice is probably below the useful
operating range of the device and the corresponding data not relevant.

In the case of the 8-inch diameter orifice, calculated error was high in
the case of both flow and plate 6P measurements, which is inconsistent with
the overall results and would indicate a possible problem with the data. On
examination of the data, it was apparent that the relatively high error could
be attributed to a single data point. Specifically, the data in question
corresponded to a device 6P of 0.52 in. w.g. (0.13 kPa), a plate 6P of
0.227 in. w.g. (0.0565 kPa), and a flow rate of 447.2 ft3/min (211 1/s); each
of these quantities represents an extreme minimum in the range of measurements
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TABLE 1. Test Results for 18-inch Diameter Flow Controller

ORIFICE
DIAMETER,

I N .

1/2

1

1-1/2

2

2-3/8

2-1/2

3

3-1/2

4

5

6

7

8**

9

ORIFICE,
AREA, md

0.1963

0.7854

1.7671

3.1416

4.4301

4.9087

7.0686

9.6211

12.5664

19.6350

28.2743

38.4845

50.2655

63.6173

NUMBER OF SP
SETTINGS, OR
MEASUREMENTS

12

10

12

10

11

11

14

10

10

12

9

12

9

8

MEAN FLOW*,
CFM

51.3

55.1

61.8

81.4

81.9

92.1

106.4

127.5

150.3

220.2

307.8

426.0

562.9

722.8

STD. DEV.
(»>,
CFH

7.72

7.75

7.29

5.43

5.78

5.52

3.65

3.27

2.91

3.42

6.32

7.75

44.67

34.01

U(FLOW),
OR

C2(7/MEAN)
xiOOSS

30.2

28.2

23.6

13.4

14.2

12.0

6.8

5.2

3.8

3.2

4.2

3.6

15.8

9.4

DEVICE iP
RANGE, IN. UG

0.42-4.15

0.50-4.10

0.33-4.08

0.43-4.13

0.34-4.13

0.50-4.09

0.35-4.08

0.44-4.16

0.36-4.10

0.31-4.12

0.40-4.10

0.42-4.06

0.52-4.09

0.40-4.20

RANGE OF
PLATE SP OVER
DEVICE USEFUL
RANGE, IN. UG

0.262-0.435

0.262-0.328

0.260-0.281

0.258-0.280

0.260-0.271

0.250-0.286

0.253-0.277

0.262-0.290

0.261-0.291

0.263-0.294

0.281-0.320

0.285-0.324

0.227-0.368

0.309-0.368

MEAN PLATE
«P, IN . UG

0.303

0.274

0.265

0.270

0.267

0.269

0.268

0.279

0.277

0.280

0.295

0.306

0.327

0.346

U(PL-DP)*
(PLATE)

[SEE TEXT]

16.8

7.2

2.1

2.5

1.3

4.3

2.3

3.2

3.6

3.9

4.7

4.0

12.1

5.7

Standard deviation not listed for plate 6P measurements. UPL_pP, a quantity derived from the
mean and standard deviation, is presented alone. See Sec. 4^1 for a definition and further
explanation of UPL.DP.

** The values of UFl0U and UPL.QP are reduced to 4.
data point; see text for discussion.

and 5.9%, respectively, by eliminating a single
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recorded for the corresponding parameter. It was also noted during testing
that, when the data in question were recorded, the port controller was resting
at the bottom of its travel and not levitating (which would have indicated
proper functioning of the device).

At the next lowest device 6P of 0.88 in. w.g., it was noted that the
port controller was floating well above its bottom stop, as could be expected,
and the recorded plate 6P and flow data were within the range of other
recorded values. If the apparently out-of-range data point is deleted, the
values of UFL0W and UPL.DP are reduced to 4.0% and 5.9%, respectively.

Therefore, disregarding the data points discussed above for the 1/2-inch
and 8-inch orifice plates, and taking into consideration the above discussion
of measurement error inherent in UFL?U, the results demonstrate that the device
meets the design requirements stated in Section 2.0 of this report for flow
rates ranging from approximately 55 ft /min (26 1/s) to greater than
700 ft /min (330.1/s). The best performance appears to be above 100 ft /min
(47 1/s), where calculated error in the form of both UFL0H and UPL_pp is below
10%. The results for the second test conducted will demonstrate now the
device range can be extended beyond 1000 ft3/min (470 1/s) by the addition of
weights to the port controller.

The range of measurements taken on most of the orifice plates extended
below 0.5 in. w.g. (0.12 kPa), less than the 0.75 in. w.g. design criterion in
Section 2.0. The minimum device 6P required to levitate the port controller,
an indication the device is functioning, averaged less than 0.3 in. w.g.
(0.07 kPa). Therefore, the useful 6P range of the device apparently extends
to considerably below the required 0.75 in. w.g. for flows up to 700 ft /min.
In addition, the minimum operating device 6P is apparently constant over the
full range of orifice plates tested. This is consistent with results reported
for previous orifice-based designs (Tuck 1995), and confirms previous
conclusions that the minimum operating device 6P is more a function of port
controller weight and area than of orifice diameter, or flow setting.

The results of previous testing on an adjustable flow control device
suggested ways to improve the design to minimize pressure losses and increase
the flow range (Tuck 1997). These included reducing outlet losses by
increasing the diameter of the cylindrical part of the port controller, with a
corresponding increase in shell diameter to accommodate it. Both these
dimensions were increased by 50% over the previous 12-inch diameter shell
design, with a corresponding doubling of cross section area. The result, as
shown by these results, is that the flow range of the device is approximately
doubled without any loss of performance, as a result of this simple design
change.

In accordance with procedure step #4.1.14.5, flow data were analysed by
standard linear regression to determine a "best-fit" curve out of four
possible models: linear, exponential, logarithmic, and power curve. Flow
rates correlate well with orifice size (area) in a linear relationship,
consistent with theory. This is readily apparent from a graphical
representation of the data (Figure 2, next page), especially over 125 ft3/min
(59 1/s). Below this flow rate, the curve can be seen to diverge somewhat
from the straight line, its slope decreases and the vertical axis is
intersected closer to 50 ft /min than the origin; this probably indicates that
the relative contribution of leakage around the port controller plate becomes
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FIGURE 2. Flow vs. Orifice Size Data, Test #1

(Lines indicate "best f i t " linear equations; see text)
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TABLE 2. Test Results using Weighted Port Controller, Test #2

NUMBER OF
WEIGHT
RINGS*

0

1

2

3

4

5

6

WEIGHT OF
PORT

CONTROLLER,
LB

2.03

2.59

3.15

3.71

4.27

4.83

5.39

NUMBER OF i P
SETTINGS, OR
MEASUREMENTS

8

10

6

9

11

10

10

MEAN FLOW*,
CFM

722.8

801.8

898.9

990.7

1040.8

1105.3

1175.7

STD. DEV.

CFM

34.01

10.22

8.50

19.99

33.15

63.56

22.28

U<FLOW)*,
OR

(2<T/HEAN)
X100

9.4

2.6

1.8

4.0

6.4

11.6

3.8

DEVICE iP
RANGE*,
IN. UG

0.40-4.20

0.50-4.30

0.71-3.90

0.73-4.20

0.74-4.10

0.68-4.00

0.99-4.08

RANGE OF
PLATE iP OVER
DEVICE USEFUL
RANGE^IN. WG

0.309-0.368

0.407-0.462

0.530-0.570

0.588-0.640

0.672-0.769

0.620-0.872

0.930-0.974

MEAN PLATE
$?, IN . UG

0.346

0.444

0.553

0.619

0.749

0.834

0.957

U(PL-DP)
(PLATE)

[SEE TEXT]

5.7

4.0

2.7

2.6

3.7

8.7

1.6

All measurements made on port controller with 9-inch diameter, or 63.6173 in2, orifice opening
(i.e., no orifice plate installed). Data for zero weight rings repeated from Table 1.
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significant at lower flows. It was also observed, at these lower flows, that
the port controller operated at the top of its travel, i.e. practically
closed, over all or most of the range of device 6P tested.

Therefore, if the data for flow rates over 125 ft3/min are segregated
from the rest, the following equation defines the relationship between flow
rate and orifice size for these higher flow rates:

CFM = [11.076 x (ORIFICE AREA, SQ.IN.)] + 7.654

The remaining data (flow rates less than 125 ft3/min) fits well with the
following equation:

CFM = [8.1812 x (ORIFICE AREA, SQ.IN.)] + 49.654

Either of the above equations give a better fit to the applicable data
than a single linear equation based on the entire data set.

Test #2 (Weighted Port Controller/Extended Flow Range): Test data for
the Test #2 are tabulated above. The "flow settings" in this case are
quantities of weight rings, from 1 to 6, which varied the port controller
weight from 2 to over 5 lb (0.9-2.3+ kg). The weight rings extended the total
tested range to over 1100 ft3/min (520 1/s).

As in Test #1, port controller plate 6P and flow readings were analysed
statistically for each quantity of weight rings (i.e., flow setting) over a
range of SP. From the mean and standard deviation, derived quantities Up,™,
and UPL.DP were computed as described in procedure steps 4.1.14.1 and 4.1.14.3.
Again, the results show that the device meets the design criteria stated in
Section 2.0. From the data presented, the set flow rate appears to increase
linearly with port controller weight.

6.0 CONCLUSIONS

Testing verified that the air flow control device will perform over the
design range of flow and 6P, meeting the functional requirements as stated in
the Section 2.0, and will accurately regulate flow from approximately 50 to
1000 ft3/min.

The device was designed in response to recommendations in a previous
test report (Tuck 1997). These recommendations included:

• Increase diameters of port controller cylinder and outer shell by
approximately 50% (e.g., from 6 to 9 in. [15 to 23 cm] and from 12
to 18 in. [31 to 46 cm], respectively), for an approximate
doubling of cross section area and flow range.

• Retain the original orifice-based design, with its more efficient
upward-flow pattern, devising a means of changing the orifice
plate with a minimum of disassembly so that adjustability is not
sacrificed.

Testing showed that the resulting design changes produced the expected
results.

12
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7.0 RECOMMENDATIONS

Based on the data and observed performance of the device, it is
recommended that the 18-inch diameter flow controller design (LMHC 1997) be
used primarily for flows in excess of 125 ft3/min (59 1/s). For lower flows,
the previous 12-inch diameter design (WHC 1995 or 1996) is more ideally suited
for controlling air flow and may be somewhat more accurate. The design for
the 18-inch diameter device does, however, include orifice plates for nominal
flows down to 50 ft /min.
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