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(3) Neither one of the observations (1) and (2) can be considered to be an example of
an inconsistent result which may have been encountered in this study. On the contrary,
these two examples show once again that, under similar conditions, a 6 motor
combination operating close to (or at) the peak efficiency of these motors can perform
more efficiently than that of an 8 motor combination when operating in the 34 to 39 Hz
range which is well below the peak efficiency of these motors.

(4) For each of the motor combinations 6, 8 and 6 tested on Dates 6, 5 and 3,
respectively, the respective magnitude of their head losses shown in Figure 4.2 can be
considered sufficiently close to the respective magnitude of their counterpart head losses
in Figure 4.4.

(5) Similarly, for each of the motor combinations 6, 8 and 6 tested on Dates 6, 5 and
3, respectively, the respective magnitude of their power losses shown in Figure 4.3 can be
considered sufficiently close to the respective magnitude of their counterpart power
losses in Figure 4.5.

The requirements to be met by AHUZ2 on all occasions covering Dates 3, 6 and 5, are

3
at the highest level such that a 7.08 mT (15000 cfm) uniform airflow through the AHU2
intake air duct system in addition to maintaining a total 3.81 ¢m (1.5 inches) of water
column of static pressure, at a distance equivalent to 33 of the length of the duct system

downstream before the last room to be served its supply of air, should be maintained.
A comparison between the following cases should make the point clear as to which
motor combination(s) can be considered to be the most efficient while meeting (or even

exceeding) these requirements.
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(1) In the case of the 8 motor combination tested on Date 5, between stations 2 and 4,

where all of the 8 motors were operating at 40.8 Hz at an average fresh air

temperature of about 0.3 °C for the specific weight y = 12.67i3 at 0 °C, an
m

average airflow of 7.75 m; (16520 cfm) is created with a 5.44 cm (2.14 inches)

of water column of static pressure maintained at the designated point downstream
in the duct system. The average instantaneous electrical energy consumption per
motor recorded in this case was 1.72 kW. Thus in this case, in order to meet the
requirements above, the total electrical energy consumption in this case can be

calculated as follows:

1.5 15000
(W8)1 =172 kW X 8 X m X 16520

=8.76 kW .

(2) In the case of the 6 motor combination tested on Date 3, between stations 2 and 4,

where the 6 motors are operating at 45 Hz at an average fresh air temperature at

about -3.2 °C for the specific weight y = 12.67i3 at 0 °C, an average airflow of
m

7.2 m; (15241 cfm), approximately, is created with a 6.50 cm (2.56 inches)

height of water column of static pressure maintained at the same designated point
downstream in the duct system. The total electrical energy consumption by 6

motors in this case is

1.5 15000
(W6)2 =23kW X6 X 2_56 X To241

=796 kW .

(3) In the case of the 6 motor combination tested on Date 6, between stations 2 and 4,

in which the 6 motors are operating at 45 Hz with an average fresh air

temperature at about 8.5 °C for the specific weight y = 12.67i3 at 0 °C, an
m
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3
average airflow of 8.05% (17169 cfm), approximately, is created with a 5.46 cm
(2.15 inches) height of water column of static pressure maintained at the
designated point downstream in the duct system. The total electrical energy

consumption by 6 motors in this case is

1.5 15000
(W6)3 =225kW X 6 X m X 17169

=823 kW .

Assuming that electrical energy consumption increases linearly with the magnitudes of
the static pressure and the flow rate created, then a simple comparison, shows that
(AW)1—2 = (Wg)1 — (We), = 0.80 kW,
(AW)1-3 = (Wg)1 — (Ws)3 = 0.53 kW .
These results are further indication that in either case the 8 motor combination consumes
a larger amount of electrical energy. As the specifications and the performance data
sheets for this type of AC motor/fan show, these motors will run more efficiently at
higher frequencies such as 45 Hz than at frequencies in the range of 34 to 39 Hz, as they
are currently operating at Site A. There is, of course, a limit as to how efficient an AC
motor/fan of this type can operate.

For the purposes of this study, however, it is sufficient to show that for this type
of AC motor/fan, as compared with an 8 motor combination operating in a frequency
range of 34 to 39 Hz, when a 6 motor combination is operating in a frequency range of 40
to 45 Hz can run more efficiently and consume less electrical energy. This fact has been
clearly illustrated in the comparison that was made between the cases (1), (2) and (3)
above. In addition to this, in a 6 motor combination the amount of head loss (as well as
the corresponding power loss) associated with the movement of air in the lengths of the

AHUZ2 intake air duct between stations 2, 3 and 4, respectively, is less than that of an 8
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motor combination when a comparison is made under the same conditions (or under
sufficiently similar conditions in which the differences in the average fresh air
temperature in each case are no more than only a few degrees Celsius). This point has
also been clearly made in a comparison made between the results illustrated in Figures
4.2 through 4.5.

In the course of conducting the investigation, through a series of trial and error
testing, it was also revealed that under the same conditions (i.e., having a constant fresh
air temperature with the entire available VAV terminal boxes fixed at 100% open
position) the following motor combinations did not produce any desired results to be
recorded and discussed here.

(1) In the case of only 3 motors, 2 motors or 1 motor operating (even at frequencies
in excess of 55 Hz) a sufficient amount of power could not be produced in order
to drag a sufficient volume (or mass) of air to flow through the AHU2 intake air

duct system. Nor was it possible to maintain the required amount of a total of
3.81 c¢m (1.5 inches) height of water of static pressure at a distance of about % of

the length of the duct downstream before the last room to be supplied with its
share of fresh air. The results obtained from running these motor combinations
were therefore discarded.

(2) In the case of the 7 motor combination running at a frequency higher than the
range of 34 to 39 Hz in which all 8 motors are normally operated, it did break
even with the 8 motor combination in terms of consumption of electrical energy.
But, as its electrical energy consumption in this case was clearly not as low as that

of the 6 motor combination, it was decided early on during the investigation that
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this motor combination is not a viable alternative to the 8 motor combination. The
results obtained from running this motor combination were also discarded.

Having discarded all of the unacceptable data, it can be said that even in the worst
case scenario in which the electrical energy consumed by a 6 motor combination
operating at 45 Hz happens to break even with that of an 8 motor combination which may
be operating at as high a frequency as 40.8 Hz, it can still be argued in favor of the 6
motor combination operating at 45 Hz in the following sense.

The 6 motor combination should clearly be chosen over the 8 motor combination
for the simple reason that, for as long as the two requirements of the supply of air by
AHU?2 (in terms of the required amount of airflow rate flowing and at the same time
maintaining the required amount of static pressure at the designated point downstream in
the duct) are met, it would still make more sense to operate as low a number of AC
motors among all available 8 motors in the AHU2 ‘fan wall’ at any given time. A rather
simple cost-benefit analysis will clearly show that maintaining a higher number of motors
constantly in operation is always more costly than maintaining a lower number of the
same motor combinations at all times.

With this in mind, the entire procedure which has been developed in this study is
to be implemented in order to optimize the electrical energy consumption of this type of
AC motors in the sense of making a choice from a particular selection to include a
specific number of AC motors to be operating in order to supply the air for the
operational purposes of AHUZ2. The selection of a specific number of AC motors is to be
made in the range of 6 to 4 motors running the frequency range of (40 to 47) Hz,

respectively. This procedure is to take effect provided that, in the case of the 6 motor
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combination, the speed of the motors will be confined to the frequency range of (40 to
47) Hz without triggering an emergency situation of any kind in the UNL/JH building or
causing any type of damage to the equipment or their surroundings.

The whole purpose being discussed here is that, by way of utilizing the
aforementioned computer program in JEMS, a number of controllers (if not in their
entirety) that are, for the most part, currently in place and operating shall function in
concert to command a specific number (i.e., in the range of 6 to 4) of the AHU2 supply
air AC motors to operate in the desired speed range (i.e., in the frequency range of (40 to
47) Hz) at any given time and for all seasonal weather conditions. That is, it is possible in
practice to shift from one motor combination to another while at the same time reaching
the maximum (or the minimum) level of output in a specified range in terms of the flow
rate and, at the same time, meet a particular static pressure requirement somewhere in the
downstream duct system.

The aforementioned program in JEMS is currently capable of commanding any motor
combination to span a safe frequency range of, for example, (25 up to 55) Hz while the
motors will be running only in a fixed arrangement of the number of motors in operation.
There can be as many as up to 8 motors in operation permanently staying in the turned on

position, provided the speed of the 8 motors will not exceed 41 Hz so that the is not

drastically increased beyond the maximum airflow rate requirement of 7.08 m; (15000

cfm) so as to trigger the emergency hatch doors to open in order to let the excess air
escape from the duct system downstream of AHU2. In the case of any motor
combinations with less than 8 motors, permanently operating to meet requirements 1 and

2 in the above, the remaining number of motors will permanently remain in the off
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position. The same precautionary measures described for the 8 motor combination should
be taken into consideration for all other motor combinations with less than 8 motors
running.

It is therefore believed that this software program may require some modifications or
some further development so that its capabilities will be increased such a way so as to
enable it to command the AC motors to operate in a much more efficient manner in order
to perform the tasks which are going to be recommended in the next section.

Referencing Figure 4.1, a comparison was made between the electrical energy

consumption data obtained from JEMS for the motor combinations 5 and 8. The
. 3.81 3.81 . .
correction factors ﬁandm were used for the 5 and 8 motor combinations,

respectively, in order to determine their respective electrical energy consumption on Date
4 thereby achieving a minimum savings of AW,,;, = 0.61 kW . For calculation of the
maximum savings in electrical energy consumed, however, these correction factors can
be disregarded such that

Mg = (14 %8 —2.02 % 5) kW = 1.1 kW.

In the case that the AC motors are operating under partial load, for example, in two
out of a total of four seasonal weather conditions, then only a fraction of (e.g.,
9000/15000) savings should be considered for half of the year. Assuming now that the
average cost of electrical energy consumption for operating a piece of equipment such as
the AHUZ2 supply air AC motor, in a commercial building such as UNL/JH, is about
$0.11 per kWh, then total amount of annual savings associated with the optimal reduction

of the AC motors throughout the year under full load can be calculated as follows:
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(1) For a minimum energy saving of AW,,;, = 0.61 kW, the minimum annual
savings is
Smin = 0.61 x $0.11 x 24 x 365 x 0.5 x (1 + 1’;5) = $470.2 , and

(2) For a maximum energy saving of AW,,,, = 1.1 kW, the maximum annual
savings is
Smax = 1.1 X $0.11 X 24 X 365 X 0.5 X (1 + =) = $848 .

It is believed that a total of 10 small-sized air handling units of the AHU2 type have
already been purchased to operate in the UNL buildings while a total of 40 large-sized air
handling units have already been purchased to operate in the UNL buildings. The larger
air handling unit is of the type that contains a total of 16 AC motors in a 4 X 4 matrix
(bank) formation which are housed in their ‘fan wall’. The total annual savings for the
smaller units can therefore be calculated as follows:

Smin = 10 X Sy = $4702
Smax = 10 X Spar = $8480
Assuming that there can be twice as much savings associated with the larger units, then
the total annual savings for the larger units will be:
Lonin = 2 X 40 X Spin = $37,616 ,
Liax = 2 X 40 X S0, = $67,840 .

Assuming that in ten years’ time, for operating this type of equipment, the cost of
electrical energy will remain at the same rate of $0.11/kWh. It is therefore estimated
that, in the first decade after the conversion has been made from the current settings of
the controls for all of these AC motors operating in the UNL/HVAC Systems over to the

improved settings in accordance to the recommendations made in this study, there may be
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a total savings in the range of $(376,160 to 678,400) to be had. It may of course be the
case that, in terms of the actual rate for the cost of electrical energy consumption, UNL is
utilizing the benefits of a two-tier system offered to it by the local provider(s) of electric
power. In this case then, may be currently paying less than half of $0.11/kWh. As has
been mentioned on page 222 in [4.1], the cost of electrical energy in kWh may still be
about $0.052/kWh. Accordingly, the total savings per decade for UNL can be adjusted
to be in the range above or about $(177,820 to 320,698).

The recommendations that are going to be made in the next section are such that
all of the supply air AC motors which are housed in their respective ‘fan walls’ in all of
the aforementioned 50 air handling units will be operating at their peak efficiencies in
accordance with a seasonal schedule (or a variation thereof). For all of the 50 air handling
units purchased by UNL, there is also an estimated total savings of $270,000 for the total
cost of the left over (extra) AC motors in the UNL/HVAC systems after the conversion to
the new seasonal schedule for the operation of the supply air AC motor combination and

the associated VFD devices. These estimated total savings are as follows:
Costof a 7%hp AC motor = $1000

Cost of the associated VFD device = $500
Number of Extra AC motors = 2 X 10 + 4 x 40 = 180
Number of associated VFDs =2 X 10+ 4 X 40 = 180
Therefore, the estimated total savings for the leftover equipment is about

$(1000 + 500) x 180 = $270,000 .
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4.2 Results for Effects of Friction Factor on Head Losses

In this section, a comparison shall be made between different values of the head
loss resulting at the measuring stations chosen in this study. In so doing, any and all
significant aspects of such head losses shall also be discussed. The results for the plot of
total head loss against major head loss at stations 2, 3 and 4 in the AHU2 intake air duct
system are shown in Figure 4.6(a). This figure shows the curve of the total head loss
against major head loss. It also shows a straight line which is chosen to represent a
hypothetical linear approximation for this curve. In order for this line to approximate the
curve, it is cutting through it at two distinct points. It cuts the curve at a point between the
elements 1 and 2 and at another point between the elements 2 and 3, respectively.

As it is shown in Figure 4.6(a), the numerical value for element 1, representing
the length of the duct between stations 3 and 4, is 0.0092 m for both the total and the
major head losses. This value is insignificant when compared to the value of the
corresponding parameters for elements 2 and 3 in either case of total or major head loss.
The reason for this is that there are no bends or any elevation in the length of the duct
confined between stations 3 and 4. Therefore, the head losses produced as a result of air
flowing through this length of the duct are substantially less than the head losses for
elements 2 and 3, i.e., the lengths confined between stations 2 and 3 and between stations
2 and 4, respectively. The actual line representing the linear approximation passes
through two points on the curve depicted in Figures 4.6(b). These two points are
positioned between elements 1 and 2 and between elements 2 and 3, respectively. A
special Matlab code has been devised in such a way that this approximation can be

performed for elements 1, 2 and 3 independent of each other.
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A sample of this special Matlab code (which has been devised for the purposes of
linearization of the curve in the Figure 4.6(a)) is provided in Appendix D. The calculated
values for the slope a and the constant b of the line in equation (2.17) using this special
Matlab code are given below. As the values assumed by x, y, X and Y must always be a
positive real number (for these are all physical quantities for the magnitudes
corresponding to head losses) then the following conditions must always hold.
x=X>0and y-C>0
In this special Matlab code, using any number of iterations (e.g., 1, 10, 100, etc.)
for each element i = 1, 2 and 3 the value of the first entry for the slope a; and the constant
b; of the line approximating the curve as described by equation (2.16), depicted in Figure
4.6(b), were calculated as follows:
(1) For element 1, on the 1% iteration step,
a,; = 20.277499295186118,
b, = —0.151187040143357,
(2) For element 2, on the 1 iteration step,
a, = 20.277499295186317,
b, = —0.151187040143367,
(3) For element 3, on the 1% iteration step,
a; = 20.277499295186352,
b; = —0.151187040143366 .
As it can be seen from these results, the values obtained for the slope and the
constant of the line in equation (2.17) for elements 1, 2 and 3 are all virtually identical.

The average value of these results, namely a, and b,, have been used in order to
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construct the line approximating the curve as illustrated in Figure 4.6(b) in the following
manner:

y=agsx+b,

= 20.2775x — 0.1512 (4.1)

The results for the values of total, major and minor head losses for elements 1, 2
and 3 which are illustrated in the plot of the curve in Figure 4.6(b) show that this curve
has been approximated by the line, as described by equation (4.1), passes through two
points on the curve which happen to closely approximate the Y coordinates of elements 1
and 3. According to the approximation method which has been described in Chapter 2,
for each point having coordinate pairs X; andY;, i =1, 2 and 3 on the curve in Figure
4.6(a), it is only the Y; coordinate that needs to be approximated by each point having
coordinate pairs x; and y; , i =1, 2 and 3 on the line.

This task has been accomplished by minimizing the sum of squares of each the
differences for each value of the Y; coordinate on the curve and the y; coordinate on the
line representing the linear approximation of this curve. It may be accidental that the
linear approximation line which has been constructed in this way is approximating the Y
coordinate of element 2 not as closely as it is the Y coordinates of elements 1 and 3. It
may also be argued that this is because, at each iterative step in the special Matlab code
(in Appendix D), the value of the coordinate pairs X; and Y; are updated independently
and for each particular element i, i = 1, 2 and 3. Next, the slope and the constant a; and
b; , 1 =1 2 and 3, respectively, of the linear approximation line are then updated

independently and for each particular element i, i =1, 2 and 3.



96

In order to ensure that X will always assume a positive value in equation (2.16),
the condition Y > C must hold. Therefore, for this linear approximation to work, it may
take a few iteration steps (e.g., updates or improvements) to be implemented prior to any
acceptable values for X can be generated. It may very well be the case that this line may
actually turn out to be very similar to the linear approximation shown in Figure 4.6(b). In
this figure, however, the linear approximation line is passing through the two points on
the curve. One point is between elements 1 and 2 on the one hand and the other point is
between elements 2 and 3. It should be noted that these two points may turn out to be
coinciding elements 2 and 3, as these are the dominant elements on the curve of the plot
of the total against major head losses having, as their respective nontrivial values,
0.0347 m for (X;), coordinate and 0.6535 m for (Y,), coordinate as well 0.04393 m
for (X3), coordinate and 0.6653 m for (Y3), coordinate on the horizontal and vertical
axes in Figure 4.6(a), respectively. These values are much greater in magnitude than
0.0092 m which is the same value for (X;), and (Y;), coordinates of both total and
major head losses in element 1.

It should be noted that by making some modifications to this iterative procedure,
it may be possible to calculate the universal values for a and b by simultaneously
achieving the approximation points having coordinate pairs such as X;,Y; and X;,Y;
for elements 1 and 3, respectively, as well as the approximation point having the
coordinate pair X, ,Y, for element 2. To construct such an iterative method, that is
capable of successfully performing the iteration steps for this total approximation
scheme, it may be required to devise a Matlab code that can turn out to be much more

complicated than the special Matlab code in Appendix D.
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4.3 Comparing Single Fan with ‘Fan wall’

For an accurate comparison to be made between an equivalent single fan and a motor
combination in the AHU2 ‘fan wall’, the single fan should be equivalent in horse power
rating and (airflow and total static pressure) capacity to the combined horse power rating
and (airflow and total static pressure) capacity of the 8 AC motors in the AHU2 ‘fan
wall’ supply air AC motors. According to the design specifications and the performance

curves in [4.2] for the AHU2 ‘fan wall” AC motors/fans, these motors

(1) have a combined power rating of 7.5 hp x 8 = 60 hp and operating at a speed of

60.4 Hz are

(2) capable of creating a total of 12.75 m; (27000 cfm) uniform airflow rate,

(3) can maintain a total static pressure of 20.32 ¢m (8.0 inches) corresponding to

(4) atotal brake horse power of 53.25 bhp based on a 6.66 bhp per fan.

For the purposes of making a comparison in energy efficiency and savings, the
selection of a single fan to serve as an equivalent of the 8 AC motors in the AHU2 ‘fan
wall’ should be made in such a way that the above considerations, (1) through (4), are
met as closely as possible. According to the fan data provided in an online publication by
Greenheck Fan Corporation [4.3], the Double-Width Centrifugal Fan, model number 24-
AFDW-41 (Maximum rpm Class Il = 2762), can be considered to be a suitable fan for
this purpose. This single fan, tested at an elevation of 0.0 m with the airstream

temperature at about 21.1 °C, has the following performance characteristics.

(2) It has a 60 hp motor and, operating at a speed of 40.85 Hz, is
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(2) capable of creating a total of 12.75 m; (27000 cfm) uniform airflow rate while

(3) maintaining a total of 20.32 cm (8.0 inches) of static pressure with an

(4) operating brake horse power of 53.93 bhp.

In order to meet the requirements imposed on the AHU2 ‘fan wall” 8 AC motors, this

single fan should perform under the following operating conditions:

Operating at a speed of about 27.0 Hz, this fan should be capable of creating a

3
7.08 mT (15000 cfm) airflow rate and also maintain a total static pressure of about

11.29 cm (4.44 inches).
Based on the data provided on page 56 in [4.3], the estimated value for the brake horse
power to meet the above air supply requirements can then be calculated to be
Pynp = 14.63 bhp,

The results obtained in the previous section of this chapter showed that in the case

of all 8 AC motors in the AHU?2 ‘fan wall’ running at 40.8 Hz to create a 7.08 m;

(15000 cfm) airflow rate and to maintain a total static pressure of about

15000

11.29 cm (or 8 X ——
27000

=4.44 inches), the electrical energy consumption was

calculated to be Wg = 8.76 kW .

This corresponds to an estimated brake horse power of

1.341 bhp

(Pynp)s = 8.76 kW x (———F) = 11.75 bhp .

A comparison between the numerical results for the estimated brake horse power in

the case of the single fan and that of the 8 motor combination (in the AHU2 ‘fan wall’)
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shows that the AHU?2 ‘fan wall’ can operate more efficiently than the single fan with an

_ (14.63-11.75)

estimated energy savings = o X 100 = 19.69%.

4.4 Remarks

A comparison shall now be made between different values of the head losses
which have already been discussed and the head losses that were obtained from some
inconsistent results based on the data acquired on Date 2 in the course of this
investigation. These results are shown in Figures 4.7 and 4.8. Referencing Figure 4.7 it
can be noted that, on this occasion, the value of the head loss at element 1 is greater than
that of element 2. This happens to be the case even though for element 2 the duct contains
two 90 degree bends in addition to an elevation of 1.75m and a considerably larger
horizontal length compared to element 1 with no bends contained in it. Referencing
Figure 4.8, a similar observation can be made for the same motor combinations 6, 5 and 4

tested on Date 2 in that the value of power loss at element 2 is less than that of element 1.
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This is an example where the experimental data obtained during the investigation

may have led to obtaining inconsistent results. Such results, however, need not be
regarded to be extreme for the head loss and the consequential power loss in the sense
that the conditions imposed on AHU2 in the occupied hours when variability in the
position of the individual VAV terminal boxes is the highest and the overall requirements
of the building for the supply of air may vary from hour to hour. This fact coupled with
the quality of the fresh air moving through the AHU2 intake air duct system can account

for such an inconsistency.
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Chapter 5 Conclusions and Recommendations
for Future Work

In this chapter, there will first be general conclusions to be drawn. There will then
be a discussion about the savings to be had in terms of the particular range of percentages
of electrical energy reductions associated with the motor combination considered to be
optimal while meeting the supply of air requirements. There are recommendations which
will be made in terms of selection of motor combinations and their associated operating
speeds. Conclusions in regard to the effects of friction factor on head losses are discussed
later. Future work on improving the energy saving process will then be discussed.
Possibility of finding a global solution to determine the slope and the constant of the line

to approximate the curve of the total against major head loss will also be discussed.

51 Conclusions

At the outset, a significant conclusion can be drawn here from the results shown
in the graphs in Figures 4.2 through 4.5. It can be seen from these figures that the
numerical results obtained for the total head loss (and the consequential power loss) by
applying the equations that have been employed in the energy methods in Sections 2.1
and 2.2 have confirmed the fact that when the results produced by employing either
energy methods are sufficiently close to each other, then it can safely be concluded that
all of the equations employed in each method have been properly constructed.

Referencing Figure 2.1, in each of the two methods applied in this study, the
consistency and the accuracy of the results are also confirmed by taking note of the

following:
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(1) That the magnitudes of the head loss (and the consequential power loss) are at
a minimum, intermediate and at a maximum levels for at for elements 1, 2 and
3, respectively.

(2) The results obtained for the total head loss in elements 1, 2 and 3,
respectively, show that they are calculated to be as should be expected. This is
can be seen by considering a comparison between the following cases:

(2a) In element 1, there is only a straight and the shortest horizontal
length of the duct which is confined between the measuring stations 3 and 4.
Therefore it is expected that the total (energy) losses associated with this element
should be the smallest in magnitude.

(2b) In element 3, there is a length of the duct, confined between the
measuring stations 2 and 4, in which there is an elevation of about 1.75 m in
addition to two bends and a horizontal length between these two stations that is
the largest. Therefore it is expected that the losses associated with this element
should be the largest in magnitude.

(2¢) In element 2, there is a length of the duct, confined between the
measuring stations 2 and 3, in which there is an elevation of about 1.75 m in
addition to two bends and a horizontal length between these two stations that is
larger than the one in element 1 but shorter than the one in element 3. Therefore it
is expected that the losses in this element should be larger in magnitude than the
losses in element 1 but smaller in magnitude than the losses in element 3.

The results in Figures 4.1 and 4.2 show that even when the extreme cases, in

which the temperature fresh air entering the building is below at 0 °C (32 °F) or
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above at 38 °C (about 100 °F), are included among the current settings for the
operational conditions of these motors, these motors are still operating
inefficiently at the present time. Moreover, the author believes that the existing
computer program which has already been created in JEMS (as has been referred
to in this thesis numerously) can be modified or be further developed in such a
way so as to bring about a smooth transition from one motor combination to
another when ramping up (or reducing) the speed of these motors and at the same
time switching on (or switching off) as many motors as needed to meet any air
supply requirements at any time by AHU2.

It is also concluded that for a fluid flow through a noncircular duct in a turbulent
regime, the function describing the relationship between the friction factor and Reynolds
number is not the only relationship through which friction factor can be determined even
though a unique value can always be calculated for the friction factor for each of the

corresponding Reynolds number in this function.

5.1.1 Energy Savings

The calculations which were made in Section 4.1, Chapter 4 clearly showed that
only selections made from a specific number of AHU2 supply air AC motors in the range
of 6 to 4 motors and their corresponding operating speed in the frequency range of (40 to
47) Hz, respectively, will guarantee conditions under which the optimal energy
consumption reductions can be achieved. This is provided that proper safety precautions

as discussed in the same section have already been implemented so as to avoid the
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creation of any kind of emergency situation and damage to the UNL/JH building and its
surroundings.

In the case of smaller air handling units such as AHU2, for the supply air AC
motors operating in the aforementioned ranges (i.e., in terms of the number motors
selected and the speed at which these motors will be operating) an estimated minimum
and maximum energy consumption savings of 5.5% and 10%, respectively, can be
expected.

Each of the larger air handling units, in operation in the UNL buildings that is
equipped with the ‘fan wall’ technology, employs twice as many supply air AC motors
that are housed in the ‘fan wall” of AHU2. It is therefore reasonable to assume that the
estimated range of savings in energy consumption associated with the larger air handling
units will be twice as much as that of the smaller units. This is an estimated savings of a

minimum of 11% and a maximum of 20% in electrical energy consumption.

5.1.2 Recommendations on Selection of Motor Combinations

It is already possible, for example, by way of manipulating the VFDs settings to
arrange an efficiently running motor combination (having less than 8 as the total number
of motors) to operate permanently at a relatively high frequency to meet the AHU2
supply air requirements for a specific seasonal weather condition. More specifically,
these motors can be arranged in such a way to have the capability of performing the
following two tasks in order to meet the AHUZ share of the air supply requirements in the

UNL/JH building:
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(1) Produce a flow rate of fresh air in the AHU2 intake duct system in the range of
4.25 st (9000 cfm), in the summer to 7.08 mTB (15000 cfm), in the winter.

(2) Maintain, at all times, a total of 3.81 cm (1.5 inches) height of water column of
static pressure at a distance equivalent to the 33 length of the duct system

downstream before the last room is to be served its supply of air.

As was suggested previously, it is possible in practice to shift from one AC motor
combination to another while at the same time reaching the maximum (or the minimum)
level of output in terms of the flow rate in a specified range while at the same time
maintaining a particular requirement for the static pressure somewhere referred to in this
study as the designated point in the duct system downstream the AHU2 ‘fan wall’. It is
also easily possible to set, by way of manipulating the VFDs settings, an efficiently
running motor combination which employs less than 8 (i.e., the total number of motors
available for operation) and keep them permanently running at a relatively high
frequency in order to meet the following air supply requirements in the UNL/JH building,
in the case of AHU2 supply air AC motors shall at all times have the capability of
accomplishing the two tasks in (1) and (2) above.

As it has been suggested in the previous section, the aforementioned program is
currently capable of commanding any motor combination to run in a fixed (permanent)
arrangement. In an arrangement as such, some or all motors will stay in the turned on
position (and the remaining available motors will stay in the turned off position) while
spanning the range of motor speed frequencies from 25 up to 55 Hz in order to fulfill (1)

and (2) above in order to meet the AHU2 air supply requirements without triggering an
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emergency situation in the UNL/JH building or causing any type of damage to the
equipment (AHU2 and its duct system) or to their surroundings.

The author believes that the JEMS software can be modified (or be further
developed by augmenting and combining different segments from different programs
with one another) so as to increase its capabilities. This will be done in order to enable it
to command (by way of communicating with specific controllers in the field) the motors
to run at higher or lower speeds while switching on and off as many number of the
motors in order to perform the tasks that are discussed below.

These tasks will be performed in conjunction with the functions of the VFDs (see
Figure 3.5). The modified software program in question can simultaneously monitor and
control the speed and the operating conditions (i.e., ON/OFF position) of each of the AC
motors in the ‘fan wall’ of the UNL/JH AHUZ2. The modifications (or the further
development) to be made to this program will specifically allow it to command the
controllers constantly communicating with the VFDs to turn as many motors on and off
as needed while maintaining the speed of the active AC motors in a rather narrow
frequency range (e.g., 40 to 47 Hz).

This procedure may become necessary at times when rather abrupt transitions
from one motor combination to another should altogether be avoided. The required
transitions would be made from Ato B, Bto C, C to D and D to A, as in the following
schedule.

To fulfill all of these tasks and to also meet the air supply requirements mentioned
in (1) and (2) above, it is recommended that the AC motors should operate, at all times,

according to the following annual operational schedule with the selected motor
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combinations and the corresponding operating speeds based on a full climate cycle to

cover all four seasonal weather conditions:

(A)  InFall to Winter 5 motors to run in (40 to 47) Hz,
(B) In Winter to Spring 6 motors to run in (43 to 40) Hz,
(C)  In Spring to Summer 5 motors to run in (47 to 40) Hz,
(D)  In Summer to Fall 4 motors to run in (40 to 43) Hz.

5.2  Simplification of Effects of Friction Factor on Head Loss

In Chapter 2, it was noted that in [5.1] the literature was critically examined for
pressure drop data on isothermal fluid flow through non-circular ducts in a turbulent
regime. It was, however, concluded in [5.1] that in the case of fluid flow in non-circular
ducts the function for friction factor, in distinction to a turbulent flow in pipes, can be
determined independent of the Reynolds number.

In [5.2], referencing the work of [5.1] approvingly, it has also been noted that the
function which establishes the relationship between the friction factor and the Reynolds
number should not be considered to be the only relationship through which friction factor
can be determined. In this study, the author is also inclined to believe, in conjunction with
the results obtained by employing the iteration method which was introduced in the last
section of Chapter 2 (in addition to the results which were discussed in last part of
Chapter 4), that equation (2.11) may only be one expression among many which
determines friction factor. That is to say, there may be other expressions (independent of
Reynolds number and as yet to be developed) which can determine friction factor in a

fully developed turbulent fluid flow through non-circular ducts.



110

Graphical results in Figure 4.6(b) show that the linear approximation method

which has been discussed in section 2.4 is a useful method to employ in simplifying the
curve of the total head loss against the major head loss within the structure of the

experimental measuring scheme chosen in this study.

5.3  Future work Improving on Energy Saving Process

It should be mentioned that relative humidity and the effects of its variations on
other variables such as acoustic pressure, flow rate and the static pressure were all
absent during the entire experiment which was conducted in this study. Therefore, a
future study which considers a two phase flow, although requiring a much more
detailed analysis by taking into account the effects of relative humidity, may lead to
more accurate results. In the work reported in this thesis, calculations were based on
the average velocity and pressure at each station, further study can be carried out in a
three-dimensional flow model. The fact that AHU2 was tested as it is in place and in
operation, in and of itself, is both advantageous and disadvantageous.

(1) The advantage is that in this investigation the data, which were gathered from
all of the measurements taken at the AHUZ2 intake air duct system, were
obtained in real time (i.e., when the AHU2 ‘fan wall” and the air handling unit
itself were in operation, as intended). Therefore, this procedure resulted in
measuring the actual performance of the AHU2 supply air AC motors while in
operation. Therefore, the minimization of electrical energy consumption by

the AC motors took place actually as it is intended to be.
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(2) The disadvantage is that, regardless of which (acoustic or hydraulic) approach

is chosen in the investigation, it may be more beneficial to test AHU2 (with
the inclusion of an appropriate length of its intake and/or outgoing duct
system) in a laboratory setting. In this way, the conditions imposed on AHU2
by the requirements of the UNL/JH building can be simulated in isolation
from the rest of UNL/JH/HVAC system of which AHU2 is a part. AHU2 can
then be tested under controlled conditions so as to reduce to a minimum the
degree of uncertainty that exists when the whole system is in operation in real
time. As such, the time consuming delays as a result of, for example the
completion of the task of commissioning HVAC system of a newly
constructed building like the UNL/JH building, is also avoided. Moreover, to
test and experiment with an air handling unit like AHU2 under the most
favorable conditions, an appropriate range of fresh air temperature can be
chosen so as to avoid spending time to wait for change of seasons. Fresh air
with a reasonably high quality can then be supplied for the purpose of
simulating the movement of air through the entrance of the AHU2 intake air
duct system into the duct and then into the air handling unit itself.

The versatility of this special Matlab code, devised in this study for the purposes
of approximating the curve for the total head loss against the major head loss by a straight
line, can be tested in such a way so as to ascertain whether it is possible to find a global
solution for determining the parameters such as the slope and the constant of the line.
This task can be performed by taking into account all of the elements 1, 2 and 3 on the

curve in Figure 4.6 (b) at the same time. One way to accomplish this task can be to
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simultaneously update all of the constituents which are involved in the calculation of the
head loss for elements 1, 2 and 3. It may be possible to create a much more elaborate
iterative method, to be designated as a particular Matlab code, to be employed within this
special Matlab code in order to update all different values for total and major head losses
at the same time. This will be done in conjunction with calculating, by way of updating,
all values of the intermediary parameters such as the average airflow rate, Reynolds
number and consequently the friction factor, for all three elements 1, 2 and 3. By
applying a method such as this, a set of global values for such linear approximation line
parameters such as the slope, a , and the constant, b , can be found by taking into
consideration a rather large number of measuring stations in the AHUZ2 air intake duct
system. The linear approximation obtained in this way can then be considered a

generalized linear approximation of the curve in question.
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Appendices

A List of Symbols Used in Matlab Codes

Symbol

a

b

a_avg
b_avg

ak

aa(i,j)
aa_tot

A

Ai

C

DH

e

fij

fijmid,

hO

h
hL_i_mnr
hL_ij_mjr
hLij_tot

hLijmean_tot,

KL
Lij_Hor
Lij_Ver

Nij_RH_FOR

Pi

PowerLossij_tot,

Description
Slope of line yi = axi+b for station i, i = 2, 3and 4.
Constant of line yi = axi+b for station i, i =2, 3 and 4.

Average value of a.

Average value of b.

Grid subarea (k =1, 2, 3, .. ., 65) at a duct cross section.
Grid subarea (of column i and row j, i #j).

Total grid area.

External duct cross sectional area.

Internal duct cross sectional area at station i, i = 2, 3 and 4.
Constant of line Yi=Xi+C for station i, i = 2, 3 and 4.
Hydraulic (Equivalent) diameter of the duct.

Relative roughness of the duct.

Assumed friction factor for stations 1 and j, 1 #].

Friction factor at midpoint between stations 1 and j, 1 # .
External height of the cross section for the duct.

Internal height of the cross section for the duct.

Minor head loss for station i = 2, 3 or 4.

Major head loss based on fijmid.

Total head loss calculated based on Qavg.

Total head loss calculated based on Gamma23mid.

Corner loss coefficient for a 90° bend (miter type) in the duct.

Horizontal length between stations iand j, i #j.

Vertical length between stations i and j, i # .

Reynolds number based on Qavg, A, Nuijmid and D_H.
Static pressure at station i, i = 2, 3 and 4.

Power loss based on hLij_tot.
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PowerLossijmean_tot Power loss based on hLijmean_tot.

Qi
Qavg
Qijmid

Qviv_tot
QT
Q_T_ijmid
ti

tfi

Tiavg
Tijmid

vivk

Vmeani

w0

w

Xi

Yi
alphai

Gammaijmid

Muijmid

Nuoijmid

Rhoijmid

Airflow rate at station i, i = 2, 3 and 4.

Average airflow rate for all stations i = 2, 3 and 4.

Airflow rate midpoint (between stations i and j, i # )

average temperatures.

Total airflow at station i, i =2, 3 or 4, based on v_i_v and aa_tot.
Total airflow rate at station i, i =2, 3 or 4 using energy coefficent.

Average total airflow rate at midpoint of stations i and j, i #j.

Initial temperature at station i, 1 = 2, 3 and 4.
Final temperature at station i, i = 2, 3 and 4.
Average temperature at station i, i = 2, 3 and 4.

Midpoint (between stations i and j, i # j) of average temperature.
Air velocity (for grid subarea ak, k=1, 2, 3, . . ., 65) measured at
station i, i = 2, 3 and 4.

Average of (all grid subareas) air velocities measured at each
station i, i=2,3or 4.

Mean velocity calculated based on the energy method with
energy coefficients at station i, i =2, 3 or 4.

External width of the cross section for the duct.

Internal width of the cross section for the duct.

Major head loss for station i = 2, 3 or 4.

Total head loss for station i = 2, 3 or 4.

Energy coefficient for station i = 2, 3 or 4.

Specific weight at the midpoint average temperatures

between stations i and j, i #j.

Average dynamic viscosity at the midpoint (between

stations i and j, i # j) of average temperatures.

Kinetic viscosity at the midpoint average temperatures

between stations 1 and j, 1 #].

Density at the midpoint (between stations i and j, i #j)

of average temperatures.
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B Matlab code I for Energy Method using the Bernoulli Equation

% This is a Matlab code for the calculation of major, minor & total head losses,
% power loss including a test for the determination of the friction factor.
format long

Frequency = 40.8; % Frequency, all 8 Ac motors running, Hertz

g =9.80664993437008; % Gravitational acceleration, m/s"2

ci = 2.54/100.0; % Convert inches to meters, m

cf =¢i*12.0/60.0; % Convert feet/min to m/s

ccf =1000.0*g*2.54/100.0; % Convert one inch of water column to Pascals
w0=78.0*2.54/100.0; % Outer width of cross sectional area of duct
h0=28.0*2.54/100.0; % Outer height of cross sectional area of duct
deltax_21Gage=0.0366*ci; % 21 Gauge Galvanized steel material

w = (w0-2.0*deltax_21Gage);

h = (h0-2.0*deltax_21Gage);

A =b*c; % Cross sectional area of the duct

A2 = A;A3=A2;A4 = A3; % Uniform cross sectional area of duct

%%%%%% %% %% %% % %% % %% % %% % %% % %% % %% % %% % %% % % %% % %% %%
% Hydraulic diameter of a duct with a rectangular cross section pipe:

D_H = 4.0*w*h/(2.0*(w+h));

%%%%%% %% %% %% % %% %% %% %% % %% % %% % %% % %% % %% % % %% %% % %% %
% Temperature:

ti2 =-0.1;tf2 = 0.3;

T2avg = (ti2 + tf2)/2.0;

ti3 =0.3;tf3=0.9;

T3avg = (ti3 + tf3)/2.0;

ti4 =0.2;tf4 = 0.8;

T4avg = (ti4 + tf4)/2.0;

T23mid = (T2avg + T3avg)/2.0;

T34mid = (T3avg + T4avg)/2.0;

T24mid = (T2avg + T4avg)/2.0;

%%%%%% %% %% %% % %% % %% % %% % %% % %% % %% % %% % %% % % %% % %% %%
% Static Pressure:

%P2 = -0.0897*ccf;

%P3 = -0.1672*ccf;

%P4 = -0.1882*ccf;

P2 =-0.0919*ccf;

P3 =-0.1687*ccf;

P4 = -0.1767*ccf;

%%% %% %% % %% %% % %% % % %% % %% % % %% % % %% % % % %% % %% % % % %% %%
% Flow rate:

Q2 =468.0/60.0;Q3 = 460.0/60.0;Q4 = 462.0/60.0;

Qavg =(Q2+Q3+Q4)/3.0;

%%% %% %% % %% %% % %% % % %% % %% % % %% % % %% % % % %% % %% % % % %% %%

L23 Hor =5.95; % Horizontal length between stations 2 & 3
L23 Ver=1.75; % Vertical Length between stations 2 & 3
L22_Ver=0.0;

L34 _Hor = 2.05; % Horizontal length between stations 3 & 4

L34 Ver=0.0; % Vertical Length between stations 3 & 4



L33 _Ver=0.0;
L24 Hor =123 Hor+L34 Hor; % Horizontal length between stations 2 & 4
L24 Ver =L23_Ver+L34 Ver, % Vertical Length between stations 2 & 4
%0%%%%% %% %% %% % %% % %% % %% % %% % %% % %% % %% % %% % %% % %% % %%
% Absolute or Dynamic Viscosity of Air in Pa*sec, 1.0 Pa*s = Kg/(m*s)
% = 0.102 Kgf*s/m”2.0:
Mu_0C = 1.72*(10.0"(-5.0)); % @ O degrees C
Mu_20C = 1.85*(10.0"(-5.0)); % @ 20 degrees C in Pa*s, 1.0 Pa*s
% = Kg/(m*s)=0.102 Kgf*s/m”"2.0!
Mu23mid = Mu_0C*(T23mid+272.0)/(0.0+272.0);
Mu34mid = Mu_0C*(T34mid+272.0)/(0.0+272.0);
Mu24mid = Mu_0C*(T24mid+272.0)/(0.0+272.0);
%%%%%% %% %% %% % %% % %% % %% % %% % %% % %% % %% % %% % % %% % %% %%
Rho_0C =1.293; % Air density @ 0 deg C in Kg/m”"3
Rho_20C =1.21; % Air density @ 20 deg C in Kg/m”3
Rho23mid = Rho_0C*(0.0+272.0)/(T23mid+272.0);
Rho34mid = Rho_0C*(0.0+272.0)/(T34mid+272.0);
Rho24mid = Rho_0C*(0.0+272.0)/(T24mid+272.0);
%%% %% %% %% %% %% %% %% %% % %% %% %% %% %% % %% %% %% %% %% % % %%
Nu23mid = Mu23mid/Rho23mid,;
Nu34mid = Mu34mid/Rho34mid,;
Nu24mid = Mu24mid/Rho24mid,;
%%%%%% %% %% %% % %% % %% % %% % %% % %% % %% % %% % %% % % %% % %% %%
% To calculate Reynolds number based on average flow between stations:
N23_RH_FOR = Qavg*D_H/(Nu23mid*A);
N24_RH_FOR = Qavg*D_H/(Nu24mid*A);
N34_RH_FOR = Qavg*D_H/(Nu34mid*A);
%%%%% %% %% % %% % %% %% %% %% % %% %% %% %% %% %% %% %% % %% %% %% %%
Gamma_0C = 12.67,; % Specific Weight of Air @ 0 degrees C in N/m”3.0
Gamma23mid = Gamma_0C*(0.0+272.0)/(T23mid+272.0);
Gamma24mid = Gamma_0C*(0.0+272.0)/(T24mid+272.0);
Gamma34mid = Gamma_0C*(0.0+272.0)/(T34mid+272.0);
%%%%%% %% %% %% %%%%% %% %% % %% % %% % %% % %% % %% %% %% %% % %% % %
% Relative Roughness
e = 0.045/1000.0; % in meters

% Assumed friction Factor f:

f23 = 0.0030510;

f24 = 0.0030508;

f34 = 0.0030518;

cc_H=e/(D_H*3.7);

dd23_H =2.51/(N23_RH_FOR*(f23"0.5));

dd24_H = 2.51/(N24_RH_FOR*(f24"0.5));

dd34_H = 2.51/(N34_RH_FOR*(f34"0.5));

%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %
f23mjr = (1.0/(-2.0*log(cc_H+dd23_H)))"2.0;

f24mjr = (1.0/(-2.0*log(cc_H+dd24_H)))"2.0;

f34mjr = (1.0/(-2.0*log(cc_H+dd34_H)))"2.0;

%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% % % %% % % %
hL_23_mjr = f23mjr*((L23_Hor+L23_Ver)/D_H)*((Qavg/A)"2.0)/(2.0*g);

hL_24 mjr = f24mjr*((L24_Hor+L24_Ver)/D_H)*((Qavg/A)*2.0)/(2.0*g);

hL_34_mjr = f34mjr*(L34_Hor/D_H)*((Qavg/A)"2.0)/(2.0*q);

%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% % % %% % % %
KL =0.2; % Corner loss coefficient in duct
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hL2mnr = KL*((Q2/A)"2.0)/(2.0*g); % 1st corner minor loss for 2
hL3mnr = KL*((Q3/A)"2.0)/(2.0*g); % 2nd corner minor loss for 3
hL4mnr = KL*((Q4/A)"2.0)/(2.0*g); % 2nd corner minor loss for 4

%%%%%% %% % %%%%%%6%0% %% %% % %% % %% % %% % %% % %% % %% % %% % %% % %
hL23mean_tot = (P2-P3)/Gamma23mid+(((Q2/A)"2.0)-((Q3/A)"2.0))/(2.0*g)+...
L22_Ver-L23_Ver+hL2mnr+hL3mnr;

hL24mean_tot = (P2-P4)/Gamma24mid+(((Q2/A)"2.0)-((Q4/A)"2.0))/(2.0*g)+...
L22 Ver-L24 Ver+hL2mnr+hL4mnr;

hL34mean_tot = (P3-P4)/Gamma34mid+(((Q3/A)"2.0)-((Q4/A)"2.0))/(2.0*g)+...
L33_Ver-L34 Ver;

hL23 t=hL_23 mjr+hL2mnr+hL3mnr;
hL24 t=hL_24 mjr+hL2mnr+hL4mnr;

hL34_t=hL_34 mjr;

%%%%%% %% %% %% % %% % %% % %% % %% % %% % %% % %% % %% % % %% %% % %%
PowerLoss23mean_tot = Gamma23mid*Qavg*hL23mean_tot; % in kW
PowerLoss24mean_tot = Gamma24mid*Qavg*hL24mean_tot; % in kW
PowerLoss34mean_tot = Gamma34mid*Qavg*hL34mean_tot; % in kW

hpL23mean_tot = PowerLoss23mean_tot/0.746; % in horse power
hpL24mean_tot = PowerLoss24mean_tot/0.746; % in horse power
hpL34mean_tot = PowerLoss34mean_tot/0.746; % in horse power

%%%%%%%%%%% %% % %%%%% % %% %% %% % % %% %% % % %% %% % %% %% % %



C Matlab code Il for Energy Method using Energy Coefficients

% This is a Matlab code for the calculation of major, minor & total head

% losses, power loss including a test for the determination of the
% friction factor.

format long

Frequency = 45.0; % Frequency, only 6 Ac motors running, Hertz
g = 9.80664993437008; % Gravitational acceleration, m/s"2

ci = 2.54/100.0; % Convert inches to meters, m

cf = ¢i*12.0/60.0; % Convert feet/min to m/s

ccf = 1000.0*g*2.54/100.0; % Convert one inch of water column to Pascals
w0=78.0*2.54/100.0; % Outer width of cross sectional area of duct
h0=28.0*2.54/100.0; 9% Outer height of cross sectional area of duct
deltax_21Gage=0.0366*ci; % 21 Gauge Galvanized steel material

w = (w0-2.0*deltax_21Gage);

h = (h0-2.0*deltax_21Gage);

A =w*h; % Cross sectional area of the duct

A2 =AA3=A2;A4 = A3, % Uniform cross sectional area of duct

%%% %% %% %% %% %% %% %% %% % %% %% % %% % % %% % % %% % %% % % % %% %% %
% AA_2=0.0;Q_2(0) =0.0;aavv3_2(0) = 0.0;

% AA_3=0.0;Q_3(0) =0.0;aavv3_3(0) = 0.0;

% AA_4 =0.0;Q_4(0) =0.0;aavv3_4(0) = 0.0;

%%%%%% %% %% %% % %% %% %% %% % %% % %% % %% % %% % %% % % %% %% % %% %
% Hydraulic diameter of a duct with a rectangular cross section pipe:

D_H = 4.0*w*h/(2.0*(w+h));

%%%%%% %% %% %% % %% %% %% %% % %% % %% % %% % %% % %% % % %% %% % %% %
% Temperature:

ti2 = 9.3;tf2 = 8.8;

T2avg = (ti2 + tf2)/2.0;

ti3 = 8.4;tf3=8.2;

T3avg = (ti3 + tf3)/2.0;

tid=7.7tf4=7.9;

T4avg = (ti4 + tf4)/2.0;

T23mid = (T2avg + T3avg)/2.0;

T34mid = (T3avg + T4avg)/2.0;

T24mid = (T2avg + T4avg)/2.0;

%%%%%% %% %% %% % %% % %% % %% % %% % %% % %% % %% % %% % % %% % %% %%
% Static Pressure:

P2 =-0.1098*ccf;

P3 =-0.1845*ccf;

P4 = -0.1928*ccf;

%%%%%% %% %% %% % %% % %% % %% % %% % %% % %% % %% % %% % % %% % %% %%
% Flow rate:

Q2 =486.2/60.0;Q3 = 477.4/60.0;Q4 = 479.1/60.0;

Qavg =(Q2+Q3+Q4)/3.0;

%%%%%% %% %% %% % %% % %% % %% % %% % %% % % %% % %% % %% % %% % %% %%

L23 Hor =5.95; % Horizontal length between stations 2 & 3
L23 Ver=1.75; % Vertical Length between stations 2 & 3
L22_Ver =0.0;

L34 Hor =2.05; % Horizontal length between stations 3 & 4

L34 Ver=0.0; % Vertical Length between stations 3 & 4
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L33 _Ver=0.0;
L24 Hor =123 Hor+L34 Hor; % Horizontal length between stations 2 & 4
L24 Ver =L23_Ver+L34 Ver; % Vertical Length between stations 2 & 4
%0%%%%% %% %% %% % %% % %% % %% % %% % %% % %% % %% % %% % %% % %% % %%
% Absolute or Dynamic Viscosity of Air in Pa*sec, 1.0 Pa*s = Kg/(m*s)
% = 0.102 Kgf*s/m”2.0:
Mu_0C = 1.72*(10.0"(-5.0)); % @ O degrees C
Mu_20C = 1.85*(10.0"(-5.0)); % @ 20 degrees C in Pa*s, 1.0 Pa*s
% = Kg/(m*s)= 0.102 Kgf*s/m"2.0!
Mu23mid = Mu_0C*(T23mid+272.0)/(0.0+272.0);
Mu34mid = Mu_0C*(T34mid+272.0)/(0.0+272.0);
Mu24mid = Mu_0C*(T24mid+272.0)/(0.0+272.0);
%%%%%% %% %% %% % %% % %% % %% % %% % %% % % %% %% % %% % % %% % %% %%
Rho_0C =1.293; % Air density @ 0 deg C in Kg/m”3
Rho_20C =1.21; % Air density @ 20 deg C in Kg/m”"3
Rho23mid = Rho_0C*(0.0+272.0)/(T23mid+272.0);
Rho34mid = Rho_0C*(0.0+272.0)/(T34mid+272.0);
Rho24mid = Rho_0C*(0.0+272.0)/(T24mid+272.0);
%%% %% %% %% %% %% %% %% %% % %% %% %% %% %% % %% %% %% %% %% % % %%
Nu23mid = Mu23mid/Rho23mid,;
Nu34mid = Mu34mid/Rho34mid,;
Nu24mid = Mu24mid/Rho24mid,;
%%%%%% %% %% %% % %% % %% % %% % %% % %% % %% % %% % %% % % %% % %% %%
Gamma_0C = 12.67; % Specific Weight of Air @ 0 degrees C in N/m”3.0
Gamma23mid = Gamma_0C*(0.0+272.0)/(T23mid+272.0);
Gamma24mid = Gamma_0C*(0.0+272.0)/(T24mid+272.0);
Gamma34mid = Gamma_0C*(0.0+272.0)/(T34mid+272.0);
%%%%% %% %% % %% % %% %% %% % %% %% %% %% %% % %% %% %% %% %% %% %% %
al = (5.0-deltax_21Gage)*(6.0-deltax_21Gage)*(ci*2.0);
a2 = (5.0-deltax_21Gage)*6.0*(ci*2.0);
a3_dx = 6.0*(6.0-deltax_21Gage)*(ci*2.0);
a3 = 6.0%6.0*(ci"2.0);

aa(l,1) = al;

aa(1,2) = a3_dx;

aa(1,3) = aa(1,2);

aa(1,4) = aa(1,3);

aa(1,5) = al;

aa(1,61) = aa(1,5);

aa(1,62) = a3 _dx;

aa(1,63) = aa(1,62);

aa(1,64) = aa(1,63);

aa(1,65) = aa(1,61);

aa=[al a3 dxa3 dxa3 dxala2a3a3a3a2a2a3a3a3a2a2a3a3ad..
a2a2a3a3a3a2a2a3al3a3a2a2a3a3al3a2a2a3a3a3a2a2a3asl..
a3a2a2a3a3al3a2a2a3al3al3a2a2a3al3 a3 a2al a3 _dxa3_dxa3_dx..
al];

aa_tot = sum(aa);

%%%%%%%% %% %% % %% %% %% % %% %% %% %% %% %% % %% % %% % % % %% % %
v2vl =1025.0;v2v2 = 1153.0;v2v3 = 1190.0;v2v4 = 1214.0;v2v5 = 1106.0;

v2v6 = 1196.0;v2v7 = 1162.0;v2v8 = 1197.0;v2v9 = 1174.0;v2v10 = 1035.0;

v2v11 =1117.0;v2v12 = 1222.0;v2v13 = 1162.0;v2v14 = 1153.0;v2v15 = 1121.0;

v2v16 =1113.0;v2v17 = 1212.0;v2v18 = 1218.0;v2v19 = 1286.0;v2v20 = 1012.0;

v2v21 =1135.0;v2v22 = 1165.0;v2v23 = 1192.0;v2v24 = 1120.0;v2v25 = 1120.0;



v2v26 = 1128.0;v2v27 = 1152.0;v2v28 = 1152.0;v2v29 = 1136.0;v2v30 = 1064.0;
v2v31 =1181.0;v2v32 = 1131.0;v2v33 = 1128.0;v2v34 = 1163.0;v2v35 = 1185.0;
v2v36 = 1032.0;v2v37 = 1183.0;v2v38 = 1101.0;v2v39 = 1171.0;v2v40 = 1088.0;
v2v41l =1108.0;v2v42 = 1143.0;v2v43 = 1178.0;v2v44 = 1092.0;v2v45 = 1143.0;
v2v46 = 1029.0;v2v47 = 1136.0;v2v48 = 1102.0;v2v49 = 1150.0;v2v50 = 1010.0;
v2v51 = 1086.0;v2v52 = 1197.0;v2v53 = 1142.0;v2v54 = 1187.0;v2v55 = 1113.0;
v2v56 = 1094.0;v2v57 = 1162.0;v2v58 = 1220.0;v2v59 = 1032.0;v2v60 = 1049.0;
v2v61 = 1181.0;v2v62 = 1196.0;v2v63 = 1171.0;v2v64 = 1052.0;v2v65 = 1025.0;

v2v = cf*[v2vl v2v2 v2v3 v2v4 v2v5 v2v6 v2v7 v2v8 v2v9 v2v10 v2v1l v2vi2...

v2v13 v2v14 v2v15 v2v16 v2v17 v2v18 v2v19 v2v20 v2v21 v2v22 v2v23 v2v24...
V2v25 v2v26 v2v27 v2v28 v2v29 v2v30 v2v31 v2v32 v2v33 v2v34 v2v35 v2v36...
v2v37 v2v38 v2v39 v2v40 v2v4al v2vAa2 v2v43 v2v44 v2v45 v2vAa6 v2vAT v2v48...
v2v49 v2v50 v2v51 v2v52 v2v53 v2v54 v2v55 v2v56 v2v57 v2v58 v2v59 v2ve0...

Vv2v61 v2v62 v2v63 v2v64 v2v65];

V_2_V =sum(v2v)/65.0;
Qv2v_tot=v_2_v*aa_tot; %in m"3.0/s

%9%9%%%%%%%%% %% %% %% %% % %% %% %% % %% %% %% %% % %% %% % %% %%

v3vl =912.0;v3v2 = 1058.0;v3v3 = 1177.0;v3v4 = 1187.0;v3v5 = 944.0;

v3v6 = 1086.0;v3v7 = 1139.0;v3v8 = 1255.0;v3v9 = 1189.0;v3v10 = 1015.0;
v3v1l =1050.0;v3v12 = 1167.0;v3v13 = 1170.0;v3v14 = 1183.0;v3v15 = 1028.0;
v3v16 = 1034.0;v3v17 = 1254.0;v3v18 = 1247.0;v3v19 = 1192.0;v3v20 = 814.0;
v3v21 =1049.0;v3v22 = 1201.0;v3v23 = 1237.0;v3v24 = 1214.0;v3v25 = 993.0;
v3v26 = 980.0;v3v27 = 1158.0;v3v28 = 1073.0;v3v29 = 1080.0;v3v30 = 915.0;
v3v31 =1037.0;v3v32 = 1148.0;v3v33 = 1110.0;v3v34 = 1141.0;v3v35 = 985.0;
v3v36 = 1076.0;v3v37 = 1122.0;v3v38 = 1224.0;v3v39 = 1230.0;v3v40 = 1061.0;
v3v4l = 1059.0;v3v42 = 1104.0;v3v43 = 1155.0;v3v44 = 1217.0;v3v45 = 941.0;
v3v46 = 970.0;v3v47 = 1095.0;v3v48 = 1267.0;v3v49 = 1256.0;v3v50 = 1077.0;
v3v51 = 1030.0;v3v52 = 1132.0;v3v53 = 1262.0;v3v54 = 1222.0;v3v55 = 1010.0;
v3v56 = 1054.0;v3v57 = 1168.0;v3v58 = 1251.0;v3v59 = 1237.0;v3v60 = 1046.0;
v3v61 = 957.0;v3v62 = 1088.0;v3v63 = 1248.0;v3v64 = 1216.0;v3v65 = 1054.0;

v3v = cf*[v3v1 v3v2 v3v3 v3v4 v3v5 v3v6 v3v7 v3v8 v3v9 v3v10 v3vll v3vi2...

v3v13 v3v14 v3v15 v3v16 v3vl7 v3v18 v3v19 v3v20 v3v21 v3v22 v3v23 v3v24...
v3v25 v3v26 v3v27 v3v28 v3v29 v3v30 v3v31 v3v32 v3v33 v3v34 v3v35 v3v36...
v3v37 v3v38 v3v39 v3v40 v3v4l v3va2 v3va3 v3va4d v3v4s v3vae v3vaT v3v4s...
v3v49 v3v50 v3v51 v3v52 v3v53 v3v54 v3vh5 v3vh6 v3vs7 v3vh8 v3vs9 v3ve0...

v3v61 v3v62 v3v63 v3v64 v3v65];
v_3_v = sum(v3v)/65.0;

Qv3v_tot=v_3 v*aa tot; %in m"3.0/s

%%%%%%%%%%% %% % % %% %% %% %% %% %% %% %% %% %% % %% % %% % % %%

v4vl = 925.0;v4v2 = 1071.0;v4v3 = 1121.0;v4v4 = 1181.0;v4v5 = 1013.0;

v4v6 = 1140.0;v4v7 = 1223.0;v4v8 = 1245.0;v4v9 = 1286.0;v4v10 = 1160.0;
v4v1l = 1062.0;v4v12 = 1049.0;v4v13 = 1095.0;v4v14 = 1070.0;v4v15 = 1049.0;
v4v16 = 1166.0;v4v17 = 1210.0;v4v18 = 1261.0;v4v19 = 1173.0;v4v20 = 933.0;
v4v21 = 1006.0;v4v22 = 1181.0;v4v23 = 1118.0;v4v24 = 1119.0;v4v25 = 1037.0;
v4v26 = 1077.0;v4v27 = 1185.0;v4v28 = 1064.0;v4v29 = 1061.0;v4v30 = 886.0;
v4v31l = 1140.0;v4v32 = 1187.0;v4v33 = 1226.0;v4v34 = 1177.0;v4v35 = 1002.0;
v4v36 = 1118.0;v4v37 = 1119.0;v4v38 = 1121.0;v4v39 = 1091.0;v4v40 = 972.0;
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v4v4l = 1016.0;v4v42 = 1029.0;v4v43 = 1237.0;v4v44 = 1213.0;v4v45 = 944.0;

v4v46 = 1056.0;v4v47 = 1082.0;v4v48 = 1229.0;v4v49 = 1297.0;v4v50 = 1103.0;
v4v51 = 991.0;v4v52 = 1165.0;v4v53 = 1267.0;v4v54 = 1233.0;v4v55 = 1089.0;
v4v56 = 1062.0;v4v57 = 1215.0;v4v58 = 1259.0;v4v59 = 1255.0;v4v60 = 1155.0;
v4v61 = 961.0;v4v62 = 1082.0;v4v63 = 1198.0;v4v64 = 1216.0;v4v65 = 1042.0;

vav = cf*[v4vl vav2 vav3 vava vav5 vave vavT v4av8 v4vo v4v10 v4vll vavi2...
v4v13 vdv14 vav15 v4v16 v4vl7 v4v18 v4vl9 v4v20 vav21 vav22 vav23 vav24...
VvAv25 vav26 vav27 v4v28 v4v29 v4av30 v4v3l v4v32 v4v33 v4v34 v4v35 v4v36...
v4v37 v4v38 v4v39 v4v40 vaval vava2 vava3 vavad vavas vavae vavaT vavas...
v4v49 v4v50 v4v51 v4v52 v4v53 v4vs4 v4vss v4vs6e v4vsT7 v4vs8 v4vs9 vaveO...
vAv61 v4v62 vAv63 vAve4 vave5];

v_4_v =sum(v4v)/65.0;
Qv4v_tot=v_4 v*aa_ tot; %in m"3.0/s
%0%%%%%%0% %% %% %% %% %% % %% % %% % %% % %% % %% % %% % %% % %% % %%

for i=1:65

AA_2(i) = aa(1,i);

Q_2(i) = v2v(1,i)*AA_2(i);
vv3aa_2(i) = (v2v(1,i)*3.0)*aa(1,i);
AA_3(i) = aa(1,i);

Q_3(i) = v3v(1,i)*AA_3(i);
vv3aa_3(i) = (v3v(1,i)"3.0)*aa(1,i);
AA_A(i) = aa(1,i);

Q_4(1) = vav(1,i))*AA_4(i);
vv3aa_4(i) = (v4v(1,i)"3.0)*aa(d,i);
end

A_T_2=sum(AA_2);

Q_T_2=sum(Q_2);

vv3aa_T_2 = sum(vv3aa_2);

Vmean2=Q T 2/A T _2;

alpha2 = w3aa_T_2/((Vmean2"3.0)*A_T_2);

A_T_3=sum(AA_3);

Q_T 3=sum(Q_3);

ww3aa_T_3 =sum(vv3aa_3);

Vmean3=Q_T 3/A T_3;

alpha3 = vw3aa_T_3/((Vmean3"3.0)*A_T_3);

A_T_4=sum(AA_4);

Q T 4=sum(Q_4);

w3aa_T_4 =sum(vv3aa_4);

Vmeand =Q_T_4/A_T_4;

alpha4 =vv3aa_T_4/((Vmeand"3.0)*A_T_4);

%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %
Q_T_23mid = (Q_T_2+Q_T_3)/2.0;

Q_T_24mid = (Q_T_2+Q_T_4)/2.0;

Q_T_34mid = (Q_T_3+Q_T_4)/2.0;

%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %



% alpha_2 =(alpha2)"1.0;
% alpha_3 =(alpha3)*1.0;
% alpha_4 =(alpha4)"1.0;

% alpha_2 =(alpha2)*1.5;

% alpha_3 =(alpha3)*1.5;

% alpha_4 =(alpha4)*1.5;

%%%%%% %% %% %% % %% % %% % %% % %% % %% % %% % %% % %% % % %% % %% %%

% Absolute or Dynamic Viscosity of Air in Pa*sec, 1.0 Pa*s = Kg/(m*s)

% = 0.102 Kgf*s/m”2.0:

Mu_0C = 1.72*(10.0"(-5.0)); % @ O degrees C

Mu_20C = 1.85*(10.0"(-5.0)); % @ 20 degrees C in Pa*s, 1.0 Pa*s
% = Kg/(m*s)= 0.102 Kgf*s/m”"2.0!

Mu23mid = Mu_0C*(T23mid+272.0)/(0.0+272.0);

Mu34mid = Mu_0C*(T34mid+272.0)/(0.0+272.0);

Mu24mid = Mu_0C*(T24mid+272.0)/(0.0+272.0);

%%%%%% %% %% %% % %% % %% % %% % %% % %% % %% % %% % %% % % %% %% % %%

Rho_0C =1.293; % Air density @ 0 deg C in Kg/m"3

Rho 20C =1.21; % Air density @ 20 deg C in Kg/m"3

Rho23mid = Rho_0C*(0.0+272.0)/(T23mid+272.0);

Rho34mid = Rho_0C*(0.0+272.0)/(T34mid+272.0);

Rho24mid = Rho_0C*(0.0+272.0)/(T24mid+272.0);

%%%%% %% %% %% %% %% %% %% % %% %% %% %% %% % %% %% %% %% %% % % %%
Nu23mid = Mu23mid/Rho23mid,;

Nu34mid = Mu34mid/Rho34mid,;

Nu24mid = Mu24mid/Rho24mid;

%%%%%% %% %% %% % %% % %% % %% % %% % %% % %% % %% % %% % % %% % %% %%
% To calculate Reynolds number based on flow between stations:

N23_RH_FOR =Q_T_23mid*D_H/(Nu23mid*A);

N24_RH_FOR =Q_T_24mid*D_H/(Nu24mid*A);

N34_RH_FOR =Q_T_34mid*D_H/(Nu34mid*A);

%%%%% %% %% %% %% %% %% %% % %% %% %% %% %% % %% %% %% %% %% % % %%
Gamma_0C = 12.67,; % Specific Weight of Air @ 0 degrees C in N/m”3.0
Gamma23mid = Gamma_0C*(0.0+272.0)/(T23mid+272.0);

Gamma24mid = Gamma_0C*(0.0+272.0)/(T24mid+272.0);

Gamma34mid = Gamma_0C*(0.0+272.0)/(T34mid+272.0);

%%%%%% %% %% %% % %% %% %% %% % %% % %% % %% % %% % %% % % %% %% % %% %
% Relative Roughness

e = 0.045/1000.0; % in meters

% Assumed friction Factor f:

23 = 0.00305946;

f24 = 0.00305721;

f34 = 0.00306042;

cc_H =e/(D_H*3.7);

dd23_H =2.51/(N23_RH_FOR*(f23"0.5));

dd24_H =2.51/(N24_RH_FOR*(f24"0.5));

dd34_H =2.51/(N34_RH_FOR*(f34"0.5));

%%%%%% %% %% %% %%%%0% %% %% % %% % %% % %% % %% % %% %% %% %% % %% % %
Vmean_avg = (Vmean2+Vmean3+Vmean4)/3.0;

%%%%%% %% %% %% % %% %% %% %% % %% % %% % %% % %% % %% % %% % %% % %% % %
f23mjr = (1.0/(-2.0*log(cc_H+dd23_H)))"2.0;

f24mijr = (1.0/(-2.0*log(cc_H+dd24 _H)))"2.0;

f34mijr = (1.0/(-2.0*log(cc_H+dd34_H)))"2.0;
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%%%%%% %% %% %% %% %% %% % %% % %% % %% % %% % %% % %% %% %% %% % %% % %
hL_23_mjr = f23mjr*((L23_Hor+L23 Ver)/D_H)*((Qavg/A)"2.0)/(2.0*qg);

hL_24 mjr = f24mjr*((L24_Hor+L24_Ver)/D_H)*((Qavg/A)*2.0)/(2.0*g);

hL_34_mjr = f34mjr*(L34_Hor/D_H)*((Qavg/A)"2.0)/(2.0*q);

%%%%%% %% %% %% %%%6%6% %% %% % %% % %% % %% % %% % %% % %% % %% % %% % %

KL =10.2; % Corner loss coefficient in duct

hL2mnr = KL*((Q2/A)"2.0)/(2.0*g); % 1st corner minor loss for 2
hL3mnr = KL*((Q3/A)"2.0)/(2.0*g); % 2nd corner minor loss for 3
hL4mnr = KL*((Q4/A)"2.0)/(2.0*g); % 2nd corner minor loss for 4

%%%%%% %% %% %% %%%6%6% %% %% % %% % %% % %% % %% % %% % %% % %% % %% % %
hL23mean_tot = (P2-P3)/Gamma23mid+(((Q2/A)"2.0)-((Q3/A)"2.0))/(2.0*g)+...
L22_Ver-L23_Ver+hL2mnr+hL3mnr;

hL24mean_tot = (P2-P4)/Gamma24mid+(((Q2/A)"2.0)-((Q4/A)"2.0))/(2.0*g)+...
L22 Ver-L24 Ver+hL2mnr+hL4mnr;

hL34mean_tot = (P3-P4)/Gamma34mid+(((Q3/A)"2.0)-((Q4/A)"2.0))/(2.0*g)+...
L33_Ver-L34 Ver;

hL23_t =hL_23_mjr+hL2mnr+hL3mnr;

hL24 t=hL_24 mjr+hL2mnr+hL4mnr;

hL34_t=hL_34 mjr;

%%%%%% %% %% %% % %% % %% % %% % %% % %% % %% % %% % %% % % %% % %% %%
PowerLoss23mean_tot = Gamma23mid*Q_T_23mid*hL23mean_tot; % in kKW
PowerLoss24mean_tot = Gamma24mid*Q_T_24mid*hL24mean_tot; % in kKW
PowerLoss34mean_tot = Gamma34mid*Q_T_34mid*hL34mean_tot; % in kKW

hpL23mean_tot = PowerLoss23mean_tot/0.746; % in horse power
hpL24mean_tot = PowerLoss24mean_tot/0.746; % in horse power
hpL34mean_tot = PowerLoss34mean_tot/0.746; % in horse power

%%%%%%%%%%%% % % % %% %% %% % %% %% %% % %% %% %% % %% %% % %% %%
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D Special Matlab code

The following is the special Matlab code for the linearization of the curve for the plot of

hLtot against hLmijr including an m-file for the determination of the friction factor:
%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% % % %% % % %
C34=0.0;

C23 =0.314715136588819+0.304047606208425;

C24 =0.314715136588819+0.306697246028124;

%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %
Xx1 =0.009239123448373;

Xx2 =0.034694104429489;

Xx3 =0.043927558415473;

X1=hL_34 mjr;

X2 =hL_23 mjr;

X3 =hL_24 mjr;

%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %
Yyl=hL34 t;

Yy2 = hL23 t;

Yy3 =hL24 t;

%%%%%%%% % %% %% %% %% %% %% %% % %% %% %% % %% %% % %% % % % %% %% %%
Y1 =X1+C34;

Y2 = X2+C23;

Y3 = X3+C24;

%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% % %%
s=1;S1=10;

matrix1 = zeros(S1,3);

matrix2 = zeros(S1,3);

matrix3 = zeros(S1,3);

%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %
wl=1w2=1w3=1,;

while s<=S1

%%% %% %% %% %% %% %% %% %% % % %% % % %% % %% % % %% % % %% % % % %% %% %%
ggl = 2.0*(X172.0+Xx2"2.0+Xx3"2.0);

0092 = 2.0*(Xx172.0+X2"2.0+Xx3"2.0);

0093 = 2.0*(Xx172.0+Xx2"2.0+X3"2.0);

%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %
hhl = 2.0*(X1+Xx2+Xx3);iil = hh1;jj1 = 6.0;

hh2 = 2.0*(Xx1+X2+Xx3);ii2 = hh2;jj2 = 6.0;

hh3 = 2.0*(Xx1+Xx2+X3);ii3 = hh3;jj3 = 6.0;

%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %
Aal = [ggl,hh1;iil,jj1];

detAal = gg1*jjl-iil*hhi,;

aAl = [jj1,-hh1;-ii1,gg1];

invAal = (1.0/detAal)*aAl,;

%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% % % %% % % %
Aa2 =[gg2,hh2;ii2,jj2];

detAa2 = gg2*jj2-ii2*hh2;

aA2 = [jj2,-hh2;-ii2,992];

invAa2 = (1.0/detAa2)*aA2;

%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %
Aa3 = [gg3,hh3;ii3,jj3];

detAa3 = gg3*jj3-ii3*hh3;

aA3 = []jj3,-hh3;-ii3,993];

invAa3 = (1.0/detAa3)*aA3;



%%%%% % %%6%%% %% % % %% %% %% % %% %% % % % %% %% %% %% %% %% % %% %% %
k1 = 2.0*%(X1*Y1+Xx2*Yy2+Xx3*Yy3);

k2 = 2.0*(Xx1*Yyl+X2*Y2+Xx3*Yy3);

k3 = 2.0*(Xx1*Yyl+Xx2*Yy2+X3*Y3);

%0%%%% %% %% %% %% %% %% %% %% %% %% %% % % %% %% %% % % %% %% % % % %% %
11 =2.0*(Y1+Yy2+Yy3);

12 =2.0*(Yyl+Y2+Yy3);

13 =2.0*(Yyl+Yy2+Y3);

%%%%% %% %6%%% %% % % %% %% %% %% %% %% % % %% %% %% % %% %% % % %% %% %
kIl =[k1;11];k12 =[k2;12];kI3 =[k3;13];

mnl = invAal*kll;mn2 = invAa2*kl2;mn3 = invAa3*kI3;

a2 =mn2(1,1);al = mn1(1,1);a3 = mn3(1,1);

b2 = mn2(2,1);b1 = mn1(2,1);b3 = mn3(2,1);

%%%%% % %%6%%% %% % % %% %% %% %% %% %% % % %% %% %% % %% %% % % %% %% %
y1l =al*X1+b1;XX1 =y1-C34;

y2 = a2*X2+h2;XX2 = y2-C23;

y3 = a3*X3+h3;XX3 = y3-C24;

%0%%%% %% %% %% %% %% %% %% %% %% %% %% % % %% %% %% % % %% %% % %% %% %
if y3>C34

newf34mjr = fzero(@(z)functl(z,N34_RH_FOR),0.01);

QQavg34 = ((2.0*g*D_H*A"2.0/(L34_Hor+L34_Ver))...

*(XX1/newf34mjr))"0.5;

newN34_RH_FOR = QQavg34*D_H/(Nu34mid*A);

newhL_34 mjr = newf34mjr*((L34_Hor+L34 Ver)...

/D_H)*((QQavg34/A)"2.0)/(2.0*g);

newX1 = newhL_34_mijr;

newY1l = newX1+C34;

N34 RH_FOR =newN34 RH_FOR;

F34mjr = newf34mijr;

X1 = newX1;

Y1 =newYl;

matrix1(wl,:) = [X1 Y1 F34mijr];

wl = wl+1,

else

X1 =XX1;

end

%%%%% % %% %%% %% % % %% %% %% %% %% %% % % %% %% %% % %% % %% % % %% %%
if y2>C23

newf23mjr = fzero(@(z)funct2(z,N23_RH_FOR),0.01);

QQavg23 = ((2.0*g*D_H*A"2.0/(L23_Hor+L23_Ver))...

*(XX2/newf23mjr))"0.5;

newN23_RH_FOR = QQavg23*D_H/(Nu23mid*A);

newhL_23 mjr = newf23mjr*((L23_Hor+L23 Ver)...

/D_H)*((QQavg23/A)"2.0)/(2.0*g);

newX2 = newhL_23 mijr;

newY?2 = newX2+C23;

N23_RH_FOR =newN23 RH_FOR;

F23mjr = newf23mijr;

X2 = newX2;

Y2 =newY?2;

matrix2(w2,:) = [X2 Y2 F23mjr];

w2 = w2+1;

else

X2 = XX2;

end
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%%%%%% %% %% %% %% %% %% % %% % %% % %% % %% % %% % %% %% %% %% % %% % %
if y3>C24;

newf24mijr = fzero(@(z)funct3(z,N24_RH_FOR),0.01);
QQavg24 = ((2.0*g*D_H*A"2.0/(L24_Hor+L24_Ver))...
*(XX3/newf24mjr))"0.5;

newN24 RH_FOR = QQavg24*D_H/(Nu24mid*A);
newhL_24 mijr = newf24mjr*((L24_Hor+L24_Ver)...
/D_H)*((QQavg24/A)"2.0)/(2.0*g);

newX3 = newhL_24 mijr;

newY3 = newX3+C24;

N24_RH_FOR =newN24_RH_FOR;

F24mijr = newf24mijr;

X3 = newXs3;

Y3 =newY3;

matrix3(w3,:) = [X3 Y3 F24mjr];

matrixabl(s,:) = [al b1];

matrixab2(s,:) = [a2 b2];

matrixab3(s,:) = [a3 b3];

w3 = w3+1;

else

X3 = XX3;

end

S =s+1;

end

matrixabl;

matrixab?2;

matrixab3;

a_avg = (matrixab2(1,1)+matrixab1(1,1)+matrixab3(1,1))/3.0;
b_avg = (matrixab2(1,2)+matrixab1(1,2)+matrixab3(1,2))/3.0;
%%%%% %% %% %% %% %% %% %% % %% %% %% %% %% % %% %% %% %% %% % % %%
% m file:

function fn23 = funct2(f,N_R)

function fn24 = funct3(f,N_R)

function fn34 = funct4(f,N_R)

ci = 2.54/100.0; % Convert inches to meters, m
w0=78.0*2.54/100.0; % Outer width of cross sectional area of duct
h0=28.0*2.54/100.0; % Outer height of cross sectional area of duct
deltax_21Gage=0.0366*ci; % 21 Gauge Galvanized steel material

w = (w0-2.0*deltax_21Gage);

h = (h0-2.0*deltax_21Gage);

%%%%% %% %% %% %% %% %%

% Hydraulic diameter of a duct with a rectangular cross section pipe:
D_H = 4.0*w*h/(2.0*(w+h));

e = 0.045/1000.0; % Relative roughness, m
cc_H=e/(D_H*3.7);

%%%%%%%%% % %% % %% %%

dd23_H = 2.51/(N_R*(f."0.5));

fn23 = 1.0/(f.~0.5)+2.0*log(cc_H+dd23_H);
%%%%% %% %% %% %% %% %%

dd24 H =2.51/(N_R*(f."0.5));

fn24 = 1.0/(f.~0.5)+2.0*log(cc_H+dd24_H);
%%%%% %% %% %% %% %% %%

dd34_H = 2.51/(N_R*(f."0.5));

fn34 = 1.0/(f~0.5)+2.0*log(cc_H+dd34_ H);

%%%%%% %% %% %% %% %% %% % %% % %% % %% % %% % %% % %% % %% % % %% %%



