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flow ceefficient (mesn duct velecity/duct centerlime velocity)
duct dimension, diameter of semicircular end on duct (ft)
duct hydraulic dismeter (4.duct area/duct perimeter} (ft)

velocity pressure (in. Ho0)
duct dimension, major axis (ft)

duct dimension, radius of semicireular end on duct (ft)
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CHAPTER I
INTRODUCTION

In recent years, the air handling industry has begun using a flat
oval shaped duct designed for low headroom spaces and restricted ceiling
plenum spaces. The flat ovael duct shape consists of a rectangular cross
section coupled with & semicircular section on each end of a rectangle (1)*.

Figure 1 below illustrates the nomenclature used to describe the flat

oval shape.

FLAT
- SPAN — >

fe————— - MAJOR AXIS — o

Figure 1. Nomenclature used to describe the flat oval shaps.

The dimension of the cross section 1s given as minor axis versus

major axis, The flat span is sometimes given as a fundamental dimension

*Numbers in parentheses designste Heferences ai the end of the thesis.
(page 35)



and is the distance between the centers of the semicircular ends. The
aspect ratio of the flat oval shape is defined as the major axis dividaed
by the minor axis. The distinct low profile of the flat oval ducts
provides a comparatively large cross sectional area with a4 relatively
small minor axis. The flat oval shape has considerably less flat surface
then 8 comparable rectangular duct. This difference in relative flat
surface areas has accoustical, structural, and installation significance (2).

Since these duets are relatively new to the sir handling industry,
test data is somewhat scarce. At the present time there is no proven,
practicsl method for the measurement of volumetric air flow rates in flat
oval duects. Channeling the air through a standerd measuring section is
the only proven method, but this is troublesome and expensive. The ideal
situstion would be to measure only one velocity, the centsrline velocity,
and multiply this velocity by a single known flow coefficient and the
duct area to obtain the desired sir flow rate. This flow coefficient
ig defined as the mean duct velocity divided by the centerline velocity.
A provan method of treversing the flat oval ducts should also be available
to provide a more precise procedurs to obtain the duct mean velocity.
Methods for traversing standsrd round and rectangular ducts are given in
(3).

With the idea in mind that a method of traversing flat oval ducts
and & flow coefficient for flat oval ducts would greatly simplify the
measurement of flow in these duct systems, the objectives of thils research

were:

1. To develop a method of traversing flat oval ducts to cobtain
the mean velocity within the duct.

2. To develop a correlation between flow coefficient and some
dimensionless parameter. This parameter, in econjunction with



a single point velocity measurament at the duct eenterline,
would be used to determine the mean velocity within the duect.

Since these duets are mainly utilized in heating, ventilating and
air conditioning systems, fully developed flow is seldom obtained.
Therefore, this investigation was done in the duct entrance region prior
to fully developed flow. In order to correspond to the actusal conditions
of duct applicstion, this investigation was done with isothermal air and

turbulent flow.



CHAPTER II

EXPERIMENTAL PROGRAM

The following parsgraphs describe the experimental equipment used,

the test ducts used, and the procedures used in the experimental program.
Test Apparatus

A schematic diagram of the entire experimental assembly used in this
investigation is shown in Fig. 2. It consists of a centrifugal blower,
a plenum chamber, a measuring section using standard ASME long.-radius

nozzles, and the test section.

A ten horsepower direct current motor was used to drive the centri-
fugal blower, The d.c. motor was used to allow coarse adjustment in the
air flow rate through the system. A slide damper on the blower inlet
allowed fine adjustment, The motor and fan combination were capable of
moving 2500 cfm of air through a 3.0 inches Hz0 pressure drop. The fan
was connected through a 12 inch round duct to a plenum chamber. The
chamber measured 4'x4'x8'., Inside the plenum chamber were baffles and
screens arranged to dampen fluctuations from the fan. The plenum chamber
discharged to a 14" round duct. The measurement section consisted of a
standard ASHME long-radius nozzle with a honey.comb straightening vane
placed 3 duct diameters down stream of the elbow and 6 duct diamsters
upstream of the flow nozzle in accord with ASME flow measurement recommenda-

tions (4}. Two standard ASME long radius nozzles were used. Below 600 cfm



THIS BOOK
CONTAINS
NUMEROUS PAGES
WITH DIAGRAMS
THAT ARE CROOKED
COMPARED TO THE
REST OF THE
INFORMATION ON
THE PAGE.

THIS IS AS
RECEIVED FROM
CUSTOMER.



19na
o “ —-¢_

/mm

‘ATquassy Tejuawriadxy jJo oT3PWAYdg ‘g aanfrg

3INLHOIVYLS
8BWNO0J-A3SNOH

b

NOILISNVYL

NOILD3S 1S31

{ mEQEu:.T_ ~31ZZON

-oxavx -¢
~438WYHD
WNN3d

SNIQVY-9NOTT IANWSY

¥3dWva

aanst- |+

N
r 19na annoy 21

NVd

HOLON



THIS BOOK
CONTAINS
NUMEROUS PAGES
WITH THE ORIGINAL
PRINTING BEING
SKEWED
DIFFERENTLY FROM
THE TOP OF THE
PAGE TO THE
BOTTOM.

THIS IS AS RECEIVED
FROM THE
CUSTOMER.



a 4" long-radius nozzle was used and above 600 cfm a 6" long-radius nozzle
was used. Both nozzles wers calibrated over their respactive ranges of
application. A second honey-comb was positioned 3 duct dismeters downstream
of the nozele exit to insure a symmetric, flat profile at the entrance of
the transition section. The transition sections used in this investigation
were standard concentric round to flat oval transitions. Bach flat oval
test geetion contained a sereen at the inlet to insure a symmetric, flat
profile at the inlet of ths test section,

The point velocities were taken with & Pitof-static tube connected
to & Meriam micromanometer. The Pitot.static tube had an outer diameter of
0.10 inches. The traversing units used were precision units that could
indicate position changes of the sensor to within 0.01 inches. Two
traversing units were used; one on the major axis, the other on the minor
axis. The air temperature was measured in the noezle section. In addition,

the ambient air temperature and the barometric pressure were recorded.
Test Ducts

To determine the flow coefficient independently of the duct aspect
ratio, several duct sizes with approximately the same aspect retio were
tested. To determine the influence of aspeet ratio on flow coefflicient,
three different aspect ratios, 2 to 1, 3 to 1, and 4 to 1 were tested.
Limitations in available blower capacities prohibited the testing of
ducts larger than an equivalent hydraulic round diameter of 12 inches.
Each duct was tested at Reynolds' numbers of approximately 0.5x105,
1.0x109, 1.5¢105, and 2.0x105. A gummary of the tests that were run is

shown in Table 1. Reynolds' number is calculated using the duct hydraulic

diameter (Dy).



TABLE 1

A Summsary of Tests Run

Nominal Aspect Ratio Approximate Approximate Approximate
Size Flow Rate Mean Velecity  Reynolds' Number
(in) Range Range Range

(cfm) (fpm) (x10-3)
3x12 3.97:1 280.1200 10004500 50-200
bx15 3.80:1 400.1500 900-4000 50-200
5%19 3.60:1 500-2000 700-3000 50200
6x25 4,13:1 600.2400 6002400 50.200
4x12 2,60:1 350.1250 1000.4000 50-200
5x14 2.54:1 400.1600 800-3500 50-200
6x19 3.35:1 500.2000 700-2600 50-200
4x9 2.25:1 250.1000 1000-4500 50-200
5x10 1.88:] 300.1200 9004000 50-200
6x12 2.11:1 350.1400 800-3400 50-200



The test ductas were constructed of 24 gauge galvanized steel. The
Inxl2n, LMlsM, SMx]19v, 6"x25", and 6"x19" ducts were spiral welded seam
duct. The rest were longitudinal welded seam duct. All but the 6"x25"
and 6"x19" ducts were supplied in 6! maximum lengths. The 6"x25" and
6"x19" ducts were supplied in 12' maximum lengths. The duct sections were
connected, whensver needed, by means of a sleeve connector that slipped over
both the duct sections. The 4"x9", 5"x10", and 6"x12" duct sections were
connected by the marmufacturer with a continuous weld. The concentric

round to flat oval transitions were constructed of 20 gauge galvanized steel.
Test Procedure

Since this investigation was done in the entrance region of the duects,
one duct from each aspect ratioc group was tasted for flow development.
Veloeity traverses were made at 5Dy, 10Dy, and 20Dy downstream of the screen.
On all other ducts from the same aspeect ratio group, traverses were made

only at the 10Dy station,

Positionin; of the Pitot-static Probe

At each traverse station three holes were drilled in the duet. One
was drilled on the minor axis and two were drilled on the major axis, as
shown in Fig. 3. The holes were smoothed frase from burrs so as not to
influence the readings near the wall. Two Pitot.statiec probes with the
same diameter were used, each in a separate traversing unit. The traversing
units were mounted on platforms which in turn were attached to the duct.
Figure 3 illustrates how the platforms were supported. The platforms
were supported axially by two sets of 10-32 stove bolts. The platforms
were held in place by two adjustable steel bands. To position the unit

with respect to the major axis, the traverse unit was fully extended and
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10

aligned with the opposite hole on the major axis. The unit on the minor
axis was then aligned, by eye, vertical to the major axis unit. The

center of the duct was found as the point of intersection of the major

axis probe and the minor axis probe. This was checked by using the traverse
units' scales to indeperdently find the duct centerline. During the tests,
while readings were being taken with one probe, the other probe was
positioned near the wall so as not to influence ths reading. When the
Pitot-static traverse units were moved from one traverse station to the

next, the above procedures were repested,

Startup
Before the initial test on each duct, a check was made to insure

that the velocity profile wes symmetric to within 5%. All micromanometers
were checked for gero and the Pitot.static probes were checked for proper
alignment., After the desired flow rate was attained, the apparatus was

allowed to run for approximately 1 hour prior to msking any measurements.

Taest Routine

Esch velocity-traverse consisted of veloecity-pressure measurements
slong each axis of the test duct; fluid temperature measurements, nogzle
velocity-pressurs measurements, and atmospheric-pressure mea surements.
During the course of each run the nozzle velocity-pressure and fluid
temperature were monitored to insure that the system was operating at

a steady condition. Data was not teken if the fluid temperature was above

90°F.



CHAFTER III

EXPERIMENTAL RESULTS

Traversing Mathod

To simplify the caleculation of flow rate using the traversing method,
it was declided that the Pitot-.static probe loeations for traversing flat
ovel duct should be placed in the centers of equal areas, Therefore, in
determining the mean veloecity, the individual velocities, or the square
roots of thes velocity-pressure heads may be averaged. To determine the
shape and location of the equal aress, Fig. 4, a typical isovel (equal
velocity plot) for flat oval ducts was considered. Figurs 4 shows equal
velocity curves for a 6"x25" flat oval duct at a Reynolds' number of
approximately 2.0x10°. The equal velocity curves resemble the general
shape of the duct. BEven the center-most ring is of the same shape as the
duct boundary, although the aspect ratio of the rings increased as they
approached the center of the duct. For most accurete results in predicting
the mean velocity, the squal area segments should coincide with the equal
velocity rings, With this in mind, it was decided to use equal area
rings with flat oval shape and constant aspect ratio equal to the aspect
ratio of the test dusct. The distances from the centerline of the flat
oval duct to the center of the equal area rings on esach axis are dependent
ornly on the number of rings and on the length of sach respective axis.

The complete analysis of the probe locations is given in Appendix C. The

positions for 5 and 10 equal area rings are given in Fig. 16 in Appendix C.

11
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13

This method of traversing flat oval ducts is similar to the standard
method of traversing circular ducts (3).

In the course of this irwestigation, traverses were made using both
5 and 10 rings for every test condition.

Table 2 indicates the mean velocities determined by the traversing
method described above. Each duct was tested at 4 flow rates. The mean
velocities werea found by using 10 equal area rings and 5 equal area rings.
Each was compared to a mean velocity calculated by dividing the measured
volumetric flow rate through the noszzle by the test duct area, Table 2
also indicates the percentage error in the mean velocitles predicted by
the duct traversing method as compared to the mean velocities caleculated
using the nozzle flow rate. The extent of agreement between the predicted
mean velocities and the mean velocities caleculated using the noggle flow rate
is shown in Table 2. Ths percentage difference columns in Table 2 indicate
that the maximum difference was approximately ‘4%, The difference in the
"mean squares" sense was found to be :2%. Comparing the percent difference
columns for the 10 ring traverse and 5 ring traverse, it can be seen that the

5 ring method predicted the flow rate as well as did the 10 ring method.
Flow Coefficient

The flow coefficient, as used in this investigation, is defined as the
duct mean velocity divided by the duct centerline velocity at a point 10
hydraulic diameters downstream of the duct entrance. Table 3 lists the flow
coafficients calculated for the tested ducts and the duct Reynolds' number
for each test. In each test, flow coefficients were calculated using both
the mean velocity from the 10 ring traverse method and the mean velocity

calculated from the nozgle flow rate., The difference between these two
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TABLE 2

Comparison Between Mean Velocity Prediction
By The Treversing Method and The Mean Velocity
Found From The Known Flow Rate

Duct Mean Velocity Mean Velocity Mean Velocity Percent Percent
Nominal Sirze 10 Rings 5 Rings Using Nogzzle Difference Differsnce
(in) (fpm) (fpm) (fpm) 10 Rings 5 Rings
(%) (%)
3x12 4611 4615 4685 1.6 1.5
3x12 sz 3524 3594 2.3 1.9
Ix12 2321 2325 2377 2.3 2.2
12 1036 1040 1082 b2 3.8
4x15 3742 3767 3754 0.3 -0.3
bx15 2802 2815 2825 0.8 0.4
byl 5 1867 1867 1869 Bl 0.1
4x15 893 897 912 2.0 1.6
5x19 2882 2874 2861 -0.7 ~D.4
5x19 2190 2194 2168 -1.0 ~1.2
5x19 1468 1472 14, -1.9 ~2.2
5x19 714 718 713 -0.1 -0.7
6x25 2147 2151 2187 -1.9 -1.7
6x25 1ma 1764 1754 -1.0 -2.5
6x25 1267 1267 1260 - 0.6 -J.6
6x25 629 629 649 3.0 3.0
4x12 3763 3779 3658 -2.8 - 3.3

b2 2859 2863 2801 - 2.1 -2.2
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TAELE 2 -. Continued

Duct Mean Velocity Mean Velocity Mean Velocity Percent  Percent
Nominal Size 10 Rirngs 5 Rings Using Nozzle Difference Difference
(in) (fpm) (fpm) (fpm) 10 Rings 5 Rings
(%) (#)
4x12 1887 1887 1836 -2.7 ~2.7
hx12 1106 1106 1098 -0.8 -0.8
x4 3917 3922 3810 ~2.8 -2.9
sx1h 2508 2512 2416 -3.8 4.0
5x1l 1678 1682 1665 -0,7 -1.0
5x1b 843 845 820 -2.5 -3,0
6x19 2577 2582 2665 3¢3 |
6x19 1934 1930 1989 2.8 3.0
6x19 1315 1919 1358 3.2 2.9
6x19 670 678 676 0.8 ~0.4
Ux9 L4489 L8l L4380 -0,2 =0,1
4x9 3339 3347 3386 l.4 1.2
bx9 2211 2215 2243 145 L3
4x9 1047 1043 1082 F42 3.6
5x10 3623 3614 3536 =2l =242
5%10 2751 2751 2666 =342 -3.2
5x10 1838 1838 1782 -3.1 -3.1
5x10 881 885 894 1.5 1.0
6x12 322 3118 149 2.8 1.0
6x12 2336 2340 2370 L4 L3
6x12 1667 1671 1697 L.8 1.5

6x12 771 771 789 2.3 2.3
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TABLE 3

Flow Coefficient and Duct Reynolds'! Number

Tuct Mean Mean Centerlines Duct He FIow FIow
Nominal Velocity Veloeity Velocity (x10-5) Coefficient Coefficient
Size 10 Ring From (fpm) Using Using

(in) (fpm) Nozzle Traverse Mean
(fpm) Mean Velocity
Velocity From Nozszle
3x12 4611 4685 4802 1.86 0.96 0.98
x12 3512 3594 3662 1.42 0.96 0.98
3x12 2321 2377 2429 0.95 0.96 0.98
3x12 1036 1082 1103 0.43 0.94 0.98
Ux15 7u2 3754 3912 1.90 0.96 0.96
4x15 2803 2825 2935 1.4 0,96 0.96
4x15 1867 1869 1958 0.95 0.96 0.96
15 893 912 o7 0.47 0.94 0.96
raky 2882 2861 3072 1.89 0.94 0.93
5x19 2190 2168 2343 1.43 0.94 0.93
5x19 1468 1440 1571 0.95 0.93 0.92
5%19 714 713 759 0.47 0.94 0.94
6x25 2147 2188 2340 1.71 0.92 0.94
6x25 1772 1754 1941 1.37 0.91 0.90
6x25 1267 1260 1392 0.97 0.91 0.91
bx25 629 649 691 0.50 .91 0.94
bxlz 3763 3659 3990 1.92 0.94 0.92

bx12 2859 2801 3078 1.47 0.93 0.91
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Duct Mean Mean Centaerline Duet Re Flow Flow
Nominal Veloecity Veloeity Velocity (x10-°) Coefficient Coefficient
Size 10 Ring From (fpm) Using Using
(in) (fpm) Nozzle Traverse Mean

(fpm) Mean Velocity
Veloelty From Nogzgzle
b1z 1887 1836 2043 0.96 0.92 0.90
bx12 1106 1098 1205 0.57 0.92 0,91
s5x14 3917 3810 14228 2.40 0.93 0.90
5x14 2508 2416 2732 1.52 0.92 0.88
Sx14 1677 1665 1831 1.05 0.92 0.91
5x14 841 820 915 0.52 0.92 0.90
6x19 2577 2665 2768 1.96 0.93 0.96
6x19 1934 1989 2104 1.46 0.92 0.95
6x19 1315 1358 1435 1.00 0.92 0.95
6x19 670 676 732 0.50 0.92 0.92
U9 4489 4480 B6h6 1.99 0.97 0.96
4x9 3339 3386 3521 151 0.95 0.96
Ux9 2211 2243 2339 1.00 0.94 0.96
4x9 1047 1082 1126 0.48 0.93 0.96
5x10 3623 3536 3813 1.89 0.95 0.93
5x10 2751 2666 2896 1.43 0.95 0.92
5x10 1838 1782 1945 0.95 0.95 0.92
5x10 881 894 935 0.48 0.94 0.96
6x12 3122 3149 3284 1.93 0.95 0.96
éxlz 2336 2370 2884 1.46 0.9% 0.95
éxlz 1667 1697 1778 1.05 0,94 0.95
6x12 771 789 825 0.49 0.93 0.96
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flow coefficients is, in effect, the difference bstween the two mean velocities
used. The flow coefficients were, for the mest part, above 0.90 and below 0.96,
In each duct the flow coefficlent decreased slightly with decreasing Reynolds'
number. There was no apparent difference in flow coefficients for different
aspect ratios. Figures 5, 6, and 7 show flow coefficients caleulated using
the 10.ring traverss method, a5 a function of Reynolds' number for aspect
ratios of 4:1, 3:1, and 2:1 respectively. In Fig. 5, for the 4:1 aspect ratio,
the slight scattering of the data points is attributed to the local irregular-
ities of the smaller test ducts, i.e. in the smaller test ducts the maximum
valoclity was not located on the centerline. The smaller test ducts were somae-
what "caved in" along the flat span. That is the duct helght on the minor axis
was less at the center of the duct than on either side of the centerline. This
caused the maximum velocity to be located, not on the duct centerline, but
at points on either side of the minor axis where the duct height was a
meximum (see Fig. 14). This irrsgularity tended to incresase the flow
coafficient because the centerline velocity was not the maximum velocity.
The larger the test duct, the smaller was the effect of this irregularity.
Figure 8 is a plot of all of the flow coefficients versus Reynolds' number
regerdless of duct aspect ratio. The line through the experimental points 1is
a '"least squares" fit of the data having a 95% confidence interval of :2%. The
line extends from Cp=0.929 at Re=0.5x10° to Cp=0.945 at Re=2.40x105. The flow
coefficients decreased slightly with decressing Reynolds' number. This trend
was expected after noting that flow coefficients for fully developed flow in
smooth cireculer ducts decrease almost linearly with Reynolds' number in the
same Reynolds' number range (4).
Figure 8, plus an iteration technique, can be used to determine the mean
velocity in flat oval ducts by measuring only the centerline velocity. Using the

measured value of centerline veloocity and assuming the initiasl flow coefficient
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to be 1.00, an initial Reynolds' rnumber can be calculated from equation (3-1).

Re = (Cf Ve Dp)fvy (3-1)
Using this Reynolds' number, a value for flow coefficient ¢sn be obtained
from Fig. 8. From this new value of flow coefficient a new Reynolds'

number can be calculated using equation (3.1). This procedure is continued
until successive flow coefficients obtained from Fig. 8 are the same.

Variation of Flow Coefficient Within Entrance Region

Since this investigation was done in the entrance region of the duct,
traverses were made on selected ducts at points 5 Dy, 10Dy, and 20Dy downstream
of the entrance. Thils was done to investigate the variation of flow
coefficient within the entrance region. Test ducts selected for this study
included the smallest duct in each aspect ratio group. The tests were
taken only at the highest Reynolds' number bscause it was axpected that
the longest entrance length would give the largest error in flow coefficient
between points downstream, The longest entrance length is associated with
the largest Reynolds' number,

Figure 9 illustrates the velocity profiles along the minor axis for
the 3"x12" duet (AR = 4:1) st a Reynolds' number of 1.86x105, The profiles
are plotted as point velocities divided by the centerline velocity on the
abscissa and distance from duct centerline divided by one half the minor
axis on the ordinate. Figure 10 shows the veloecity profiles on the major
axis for the 3"x12" duct. Figures 11 and 12 illustrate the velocity
profiles for the 4"x12" duct (AR = 3:1) at a Reynolds' rumber of 1.92x105
ard Fig. 13 and Fig. 14 illustrate the profiles for the 4"x9" duct
(AR = 2:1) at a Reynolds' number of 1.99x10°. The major axis profiles
show the tendency of the maximum velocity to be somewhat shifted from the

centerline. This irregularity was discussed earlier and was caused by the
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tendency of the smaller ducts to be somewhat "caved in" on the flat span.
The minor axis velocity profiles are more "parabolic"” than the velocity
profiles along the major axis. This would indicate that the minor axis
velocity profile is more fully developed at each plane than igs the major
axis veloeity profile. However, it should be noted that the velocity
profiles on both the msajor and minor axes become more "parabolic” as
the distance downstream of the entrance is increased. The centerline
velocity increases and therefore the flow coefficient decresses downstream.
For each duct, the flow coefficients changed by only 1% from one
traverse station to the next. This indicates that flow coefficients are
affected somewhat by the measuring location, but the values taken at any
point between 5 Dj and 20 Dy will be at least within 1% of the values at

10 Dy.

Error Discussion

The purpose of this section is to discuss the possible errors which
may have affected the results described above. These errors include
fluctuations in the power to the d.c. fan motor, irregularities in the
duct shaps, errors in placement of the Pitot.static probe, and velocity
measursment errors.

Although the amount of power to the d.c., motor was closely attended,
some fluctuations in the line voltage supplied to the experimental area
were noticed. When these fluctuations were noted, data taking ceased until
the line voltage had resumed its normal value. If the voltage change was
prolonged the d.c. motor rheostat was adjusted accordingly. The maximum
instantaneous error in air flow rate was estimated to be #2%. It should

be pointed out however, that these fluctuations, when they did occur, were
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usually of short duration, and the cumulative error in flow rate for each
test was probably much less than the *2% instantaneous difference.
Irregularities in the test duct shape were noted earlier in this report.
The smaller test ducts were observed to be somewhat 'caved in" along the
flat span. The maximum point of deflection was at the center of the duct.
This irregularity tended to shift the maximum velocity from the centerline
to a point along the major axis to either side of the centerline. This
shifting of the maximum velocity point, in effect, lowered the centerline
velocity, thus increasing the calculated flow coefficient. An exact value
of the srror due to the duct irregularity would be difficult to determine.
Differences in the test duct construction also caused errors in de-
termining the examct duct area. This is always a problem in measurement of
flow rates in ducts. The inside duct dimensions can be measured to some
desired degree of accuracy at the duct exit but there is no assurance that
these dimensions are exactly the same at the duct measurement plane.
Comparing mean velocitles obtained by the duct traverse method to the
mean velocities calculated by dividing the nogzle volumetric flow rate
by the test duct area, it was noted that the two methods agreed to within
a maximum error of *4% and a mean square error of +2%, Since the traverse
method obtains a mean velocity independent of the duct area, and the
volumetric flow rate is known to a high degres of accuracy (¥1%), the
small difference between the two methods is a good indication that there
was little error in measuring the test duct areas,
Errors in placement of the Pitot.static probe and veloeily measurement
errors were sstimated to be minimal, Since the velocity profiles were quite
flat at the 10 Dj measuring station, a relatively large error in placing

the Pitot-static probe would cause a very small error in the velocity
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raesding. The velocity.pressure readings were taken with a micromanometer
capable of accuracy of *0,002 inches H20 (3). The Pitot-static probes
used were capable of a precision from *1% to +4% (3), with the *A% estimate

being applied at the low end of the velocity range considered in this

investigation,



CHAPTER 1V

CONCLUSIONS AND RECOMMENDATIONS

It is concluded from these experimental resulis that an accurate
and efficient means of determining air flow rates in flat oval ducts
has heen developsd. This investigation proposed and substantiated two
mathods by which a2ir flow ratas can be messured in {lat oval ducts.

The first was to apply a traversing method to obtain a mean velocity
within the duct. Using this mean velocity, the volumetric flow rate can
be obtained to approximately the degree of accuracy te which the duct
area is known. This method can be used when the volumetriec flow rate
must be known to the highest degree of accuracy.

wWwhen the flow rate need not be known to the highest degree of accuracy,
a second method of flow measurement may be employed. This second method
caonsists of measuring a single velocity at the duct centerline and multiply-
ing this centerline velocity by the appropriate flow coefficlent and duct
ares to obtain the flow rate. This flow rate, since it is dependent upon
only one measurement, 1s affected to a greater extent by the local
irregularities of the duct than is the flow rate calculated by the
traversing method. This flow coéfficient was also found to be a function
of the flow development, therefore care should be taken to account for
antrance effects when using this method.

For future investigation, it would be desirable to test a wider
range of duct aspect ratios and Reynolds' numbers. A recommendation is

alsoc made to be assured that each test duct is uniform in shape so that

33



the duct area may be determined to a high degree of accuracy and so that

tha locsl irregularities will be minimal.
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APPENDIX A

SUPPORT EQUIPMENT LIST

The following is a list of the support equipment and instruments

which were required for this investigation.

1.

2,

Micromanometer, 10" H20 range, Meriam Co., gerial no. L75571,
ME 1280,

Micromanometer, 10" Hy0 range, Meriam Co., serial no. G10571,
ME 1342,

18" Traverse Unit, United Sensor and Control Corp., part no.
UsC-1108.18, ME 1717.

18" Traverse Unit, United Sensor and Control Corp., part no.
UsC-1108.18, ME 3713.

Pitot.static probe, United Sensor and Control Corp., part no.
PAC.18-KL.

Pitot.statle probe, Unitad Sensor and Conirol Corp., part no.
PAC-24.X1L.
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APPENDIX B
TABLE 4

Typical Data - Test of Flat Ovel Duct 6"x25" 10 Rings

Re = 200,000 Date 5.22-71

6" Nozzle Nozzle Velocity Pressure Head 5.341 in. HpO

Fluid temp. 81.0°F Atmospheric Pressure 29.01 in, Hg

Distance From Centerline Velocity-Pressure-Head (in. H20)
on Minor Axis b upper B Jower
0.0 0.324 0.324
0,224R=0.67 0.316 0.317
0.387R=1.16 0.309 0.309
0.5008=1.50 0.303 0.300
0.592R=1.78 0.290 0.285
0.671R=2,01 0,280 0.275
0.742R=2.21 0.260 0.257
0.806R=2.42 0.243 0.240
0,386R=2.60 0.221 0.224
0.922R=2.77 0.197 0,195
0.975R=2.93 0.147 0,157
Distance From Centerline Velocity-Pressure-Head (in. Hp0)

on Major Axis h north h south
0.0 0.324 0.324
0.2241=2.22 0.324 0.322
0.387L=3.98 0.323 0.321
0,500L=5.02 0,317 0.318
0.592L=5.94 0.312 0.310
0.671L=6.72 0.311 0.309
0.7421=7 45 0.308 0.304
0.806L=8.10 0 0,298 0.297
0.886L=8.70 0.288 0.290
0.992L=9.26 0.268 0.264
0.975L=9.79 0,199 0.20)
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APPENDTX C

DETERMINATION OF THE PITOT-STATIC PROBE LOCATIONS
FOR TRAVERSE

The Pitot-static probe locations are the centers of equal area

rings. The center of an esgqual area ring is such that the same area 1is
on either side of the center. Therefore, the duct is divided into twice
as many rings as desired. The centers of the equal area rings are the
boundaries of the 1,3,5,...2n-1 (n = 1,2,3,...k) rings, where k is the total
number of centers of areas. Using Fig. 15 note that the area of the first
ring from the center, Ay, is given by:

M= 7 D/4 4 (g Dy) Dy
and noting that:

LlfDl = L/D = AR (aspect ratio of the duct)

and Ay = AT/Zk where k = number of centers of rings.

then:
2 J e K
AT/ZI( = Dl (AR-1.0+77/4)} or Dl = V (AR-1l. +7/4) 2k
similarly:
3AT !
Dy = V (AR-1.0 +77/4) 2k

and the n'P center of area is given by:

(2n-1) Af ] k = number of centers of rings
Dn = (AR»:L.O +Tr/}+) 21( (n = 1|2|3'--0k)

note that:

F————
D= lJ(AR_.l.o +77/4)  and R = Df2
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therefors:
Gn1) Znd
D and Ry = 2k ‘R

and using s similar analysis:

[ (2a-d)!
Ly =V 2k L

Figure 16 illustrates the Pitot-static probe locations for 5 equal

area rings and tor 10 equal area rings.

41



EQUAL AREA
RINGS\ 5 EQUAL AREA RINGS

CENTERS OF AREA
OF EQUAL AREA RINGS

~ 316 Y+
r— S548Y--
- JOT Y—— ——
mediteal - G- T4 Sau—
* 949Y— ™

Y —— P

1O EQUAL AREA RINGS
|

i

T
|

922R—

BB6R

bt 978Y P
| Y o
Figure 16.

e— BOBR—

_|..
Totl]
e 592R
:— :aa'rn;.1
++—742R

244 R
387 R

Pitot-static Probe Locations for 5 liqusl Area Rings And
10 Egqual Area Rings.



VITA
Terrence D. Mayhill
Candidate for the Degree of

Master of Science

Thesis: A SIMFLIFIED METHOD FOR THE MEASUREMENT OF AIR FLOW RATES
IN FLAT OVAL DUCTS

Ma jor Field: Mechanical Engineering

Biographiecal:

Personal Data: Born at Minneapolis, Minnesota, September 4, 1945,
the son of Max M. and Leona E. Mayhill.

Education: Graduated from Newton High School, Newton, Kansas, in
1966; attended Bethel College, North Newton, Kansas from
September, 1966 to June, 1967; attended Kansas State University,
Manhattan, Kansas from September, 1967 to July, 1971; received
2 Bachelor of Science degree in Mechanical Enginsering from
Kansas State University in June 1970; completed requirements for
Master of Science degree in Mechanical Engineering in July, 1971.

Professional Experience: Was employed as an undergraduate research
assistant by the Mechanical Engineering Department at Kansas
State University, Manhattan, Kansas from June, 1969 to August,
1970; was a National Science Foundation Trainee at Kansas Stata
University, Manhattan, Kansas from September, 1970 to August, 1971.



A SIMPLIFIED METHOD FOR
MEASUREMENT OF AIR FLOW RATES
IN FLAT OVAL DUCTS

by
TERRENCE D. MAYHILL

E. S., Kansas State University, 1970

AN ABSTRACT OF A THESIS

submitted in partial fulfillment of the

requirements for the degree

MASTER OF SCIENCE

Department of Mechanical Engineering

KANSAS STATE UNIVERSITY
Manhattan, kKansas

1971



Name: Terrence D. Mayhill Date of Degree: 1971
Institution: Kansas State University Location: Manhattan, Kansas

Title of Study: A SIMPLIFIED METHOD FOR THE MEASUREMENT OF AIR FLOW RATES
IN FLAT OVAL DUCTS

Pages in Study: 42 Candidate for Degree of Master of Science

liajor Field: Mechanical Engineering

Scope and Method of Study: In recent years the air handling industry has
begun using a flat oval shaped duct designed for low headroom spaces
arnd restricted ceiling plenum spaces. Since these ducts are relatively
new to the air handling industry, test data is somewhat scarce. Al the
present time there is mo proven, practical method for the measurement
of volumetric air flow rates in flat oval ducts. The ideal situation
would be to measure only one velocity, the centerline velocity, and
multiply this velocity by a single known flow coefficient and the duct
area to obtain the desired air flow rate. This coefficient would be
calculated expsrimentally by the mean duct veloecity divided by the
centerline velocity. Or for more accurate results, use a proven
method of traversing the flat oval duct to obtain a mean velocity.
Multiply this mean velocity by the duct area to obtain the desired
air flow rate. The purpose of this study was to develop a method of
traversing flat oval ducts and to develop a correlation between flow
coefficient and some dimensionless parameter, such as Reynolds' number.

To accomplish the desired objective, an experimental program was

undertaken., Tast ducts ranged in aspect ratio from 2:1 to 4:1. The
ducts were tested at Reynolds' numbers of approximately 0.5x10°, l.axle,
1.5x105 and 2.0x103,

Findings and Conclusions: For ease of mean duct veloclity calculations, the

centers of egual area rings were used for traverse velocity probe
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