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Abstract

Gas Transport in Mu2e Detector Straws

This paper outlines the steps used to determine whether flow or diffusion is the dominant
method for gas transportation through the Mu2e detector straws, and whether the system
could operate effectively with multiple straws connected in parallel to a single gas manifold. By
measuring the time it takes for the drift gas to traverse the full length of a single straw, and
comparing the results when a shorter straw is connected in parallel to the same manifold, it is
possible to determine the effects of having multiple straws of different lengths in parallel. The
data suggests that flow is the dominant method for gas transportation in the straw, and that

each straw should receive an adequate supply of gas in the proposed final design.
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Introduction

The majority of our universe is made up three elementary particles, the up quark, down
quark, and the electron. The more massive quarks and leptons are unstable, meaning they will
eventually decay into their smaller more stable counterparts. Since the discovery of the muon
and the tau charged leptons, their decay products have always been observed to include a
neutrino. The standard model divides the leptons into three groups known as generations, and
each generation consists of a charged lepton and it corresponding neutrino. Two particles
within the same generation have the same leptonic family number, and the standard model
dictates that this number must be conserved in the event of a decaym, which could explain why
a neutrino is produced in charged lepton decays. While the standard model is able to explain
many experimental observations, it falls short of being a complete theory since it cannot
answer fundamental questions such as why particles have mass, thus in order to revise and

extend the standard model, more research needs to be carried out.

One area where scientists believe the theory can be improved is related to a process
known as charged lepton flavor violation (CLFV). As mentioned before, charged leptons appear
to always decay into their corresponding neutrino and other elementary particles, but a
neutrinoless direct conversion of a charged lepton to a lower generation lepton has been
suggested to occur more frequently than previously thought by some Beyond Standard Model
Theories. The lack of a corresponding neutrino means that the leptonic family number will not
be conserved and this ‘violates’ the standard model; hence the event name CLFV. The purpose
of the Mu2e experiment is to test whether CLFV does indeed occur, by observing the products

of a large number of decaying muons.

Muons typically decay into an electron, muon neutrino, and anti electron neutrino
(H—¢€ ;.-'F)lll_ Since energy must be conserved, the energy of the muon is converted into the
mass of the products and their kinetic energies. The energy distributed to each product is not
necessarily the same for each event so the energy spread of the converted electrons can vary
widely, though the majority are <60MeV. If CLFV does indeed occur it would take place as a

direct conversion from a muon to an electron (/! = © ), and the resulting electron would have



1.2

an energy equivalent to the energy of the muon which produced it. To prevent confusion, the

direct conversion electrons will now be referred to as signal electrons.

The rest energy of a muon is approximately 105MeV; therefore the energy of the signal
electron will be the same. Note that an electron only has a rest energy of roughly 0.5MeV, so
the bulk of the energy will be kinetic. Lorentz force law states that if the velocity of a charged
particle is perpendicular to a magnetic field the particle will follow a helical path, whose radius
depends on the energy. The Mu2e experiment makes use of this fact by placing its particle
tracker, aka ‘T’ransverse tracker, inside of a large solenoid which produces a uniform magnetic

field.

In the proposed design a proton beam will strike a gold production target in the production
solenoid leading to the production of charged pions (") some of which are captured. The pions decay
into muons which are pushed out of the production solenoid and into the transport solenoid, where
they are carried to the detector solenoid. At the end of the transport solenoid they are focused, with
the aid of collimators, onto thin aluminum foils which act as stopping targets. Here the muons orbit the
Al nuclei until they decay and release their products down the detector solenoid and into the tracker.
The T tracker features over 20,000 hollow pipes, hereby referred to as straws, which overlap, allowing
the apparatus to reconstruct the paths of the particles by measuring the time difference between each
straw hit. This makes it easier to distinguish signal electrons from background[z]. A conceptual design of

the Mu2e hardware is shown below:
Calorimeter

Production Detector
Solenoid Transport

Solenoid

Production Collimators Al Stopping T Tracker
Target Target



The T tracker consists of groups of straws, hereby referred to as panels, connected to a
support ring and arranged in such a way to form a triangular void in the center of the construct,
aka a plane. By placing planes successively in front of each other and rotating each one by 30°
respective to each other results in a regular polygon shaped void down the center of the

tracker'?. A diagram of this arrangement is shown below (front view of tracker):

R700

R800
4 R840

The values represent the distance from the center of the ring in mm

These panels are the blue and red trapezoidal structures in the diagram. As suggested
by the diagram, only the particles which exist between 38<r<70cm will be detected. By leaving
the central portion of the tracker hollow, many irrelevant particles will pass undetected as they

travel through this void, mitigating background noise.

The straws are hollow pipes made from spiral wounded Mylar and they coated
internally and externally with a thin layer of copper and aluminum respectively. A threadlike
sense wire potentialed to 1500V will run along the axis of each straw, while the inner straw
walls are kept grounded. Filling the straw with a drift gas (an easily ionized gas) causes it to

function as a drift chamber, meaning that any ionizing particle that passes through the straw
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will be detected; the gas is ionized and the free electrons accelerate toward the wire. The
movement of electrons in the straw is detected as a change in current. Ideally the detector
needs to have as little mass possible to curb the scattering tendency of the signal electrons, so

the entire system will be placed under high vacuum.

The straws are the heart of the detector; thus it must be ensured that they can function
properly under the anticipated operating conditions. The straws have a diameter of 5mm, a
wall thickness of 25um and vary in length from 30cm to 120cm. In the proposed design, each
straw will be connected in parallel to large gas manifolds at both ends which will supply a
mixture of Argon and Carbon Dioxide (drift gas) in an 80:20 ratio. The straws will have brass &
plastic inserts on each end which will attach to the manifolds. Depending on the pressure
differential between the manifolds and the resistance of the straw, either flow (the movement
of molecules across a pressure gradient) or diffusion (the movement of molecules across a
pressure gradient) will be the dominant means of transportation for the gas through the straw.
It was feared that if flow were dominant, then having multiple straws of different lengths
connected to a single manifold would significantly inhibit the flow rate through longer straws,
so an experiment had to be performed to determine if this would be an issue. In the case of
laminar flow, the resistance experienced by the gas is proportional to the length of the pipe;
therefore the gas would more readily flow through shorter straws. This problem would not be
present if diffusion were dominant because diffusing particles are not hindered by the
resistance caused by the straw walls; though even if this were the case, the rate of diffusion
would still have be above a threshold which will ensure that at least one volume exchange
takes place per hour in each straw, to prevent unwanted reactions inside the straw. Studies
have shown that stagnant drift gas chemically react with the sense wires, leading to growths
which deform and weaken the electric field in the chamber. The portion of the straw affected
will have a lower gain since the free electrons will not accelerate as readily, and for this reason
it must be ensured that a constant supply of gas traverses each straw. This paper outlines the
steps taken to test whether in fact the straws could function normally when connected in

parallel to large gas manifolds.



2.1

2.2

Theory

By measuring the time it takes for the drift gas to traverse the full length of a single
straw, and comparing the results when a shorter straw is connected in parallel, it is possible to
determine the effects of having multiple straws of different lengths in parallel. In theory the
time it takes for the gas to pass through the straw should be the same in both the single and
parallel configuratic&in a diffusion dominated system. The rate of diffusion (D) is given by the
equation ) — J \\[_1 , Where K is a constant that is determined by the geometry of the
system the gas is diffusing across, T is the temperature and M is the molecular mass of the
gasm. Since K and M are assumed to be constants, it can be inferred that the diffusion rate is
dependant solely on the temperature. All of the trials performed were done at roughly the
same temperature; this is why it is expected that the time taken should be independent of the

configuration.

In a flow dominated system, the volumetric flow rate (F;) can be found by multiplying
the velocity (v) of the fluid by the area (A) it is passing through, so F, = vA. Fluids exhibit a
resistance to flow, dependent upon their viscosity. If a fluid is bounded by a stationary plate on
one side, and a moving plate on the other, a velocity gradient will form in between these plates.
The fluid will divide into layers (lamina), which move with velocities that depend on the
distance from each plate. Since these layers move at different speeds, the faster layers closer to
the moving plate, essentially slide past the slower layers; this type of flow is called laminar flow.
In the case of laminar flow in a pipe, the walls of the pipe act as the stationary plate and the

velocity (vi(r)) of the fluid at a particular distance (r) from the center of the pipe can be
AP
Ly L
pressure at both ends of the pipe, n is the viscosity of the fluid, L is the length of the pipe, and R

determined from the equation #'rl7] = (R®— 7 1" where AP is the difference in

is the radius of the pipe. It can be seen that the maximum velocity (v,) lies at the center of the

pipe, and is equivalent to Al ;'- . The equation can therefore be rewritten as
= bl
1 /
vplr) = v,,l1 — — . Since the fluid passes through the cross sectional area of the pipe at

R
different velocities, integration is required to determine the flow rate. F, can be determined by



assuming the velocity through an infinitesimal area (dA=2nr dr) is the same throughout and

integrating over R:

w2

. (1) => F. = A nodl r:u). v dr = l..'i.'-T]'):_ 1A1"1{3
dF, =vgirjdA = : /. Vil L — HJ_.-T.'H 5 / L

The above says that the flow rate is inversely proportional to the length of the pipe. As a result,

if gas is pumped into the manifold at a known flow rate, say I, then the flow through each straw

reduces to

in a parallel configuration depends solely on their relative lengths because 4 —
DIy

a constant, c. Notice the total flow through all straws must sum up to | (conservation of flow),
A

| . .
this yields / = Z T where L, is the length of straw n, and k is the total number of straws. It

n=1 " s
can also be seen that the flow through straw n is equal to —.

~

Velocity Profile of a Fluid in a Pipe

Side View Cross Section View
; /—\\
r
1 , ; )
B | || — ] —
\ Vim r/ R/(v=0)
\ \_/

R A

Pipe Wall f
Pipe Wall

As mentioned earlier F, = vA, but for a pipe f' — 1f_" .The f_,' term results from the
fact that the velocity of the fluid is not uniform throughout, however by_comparing the
equations it is clear that this term functions the same way as v. I—,' can then be thought of as
the effective velocity (ver) of the gas in the pipe; i.e. all of the quia can be assumed to travel at

this velocity. The effective time (tef) it takes for the gas to traverse the pipe is therefore equal

to [— which can be rewritten as i
Vefy F, Pipe Wall
Effective Velocity Profile of a Fluid in a Pipe ¢
Fluid fR P Ve




2.3

3.1

2 )

re . . h -
vplr) =w,,[1 — — implies vest is equal to the velocity of the gasat 1 = —= =2 (). 1 1.

h- V2

This means that the time taken for faster portion of the fluid at r < 0.71R is not Eonsidered,
though it will obviously be less. As a result the volume of fluid that exits the pipe between

to < t < tesr, Where tg is the time it takes for the fluid travelling at v, to traverse the pipe

L . .
(t, = —), will not be taken into account.
U

This experiment will measure the time it takes for the drift gas to traverse the full length
of a single straw, and compare the results when a shorter straw is connected in parallel to the
same manifold. By keeping the flow rate (l) of the gas entering the manifold constant in both
configurations many variables cancel out. It was decided that the longest straw should be about
4x longer than the shorter straw it was to be paired with in the parallel configuration. This is the
evaluate the most extreme case since the longest straws to be used in the tracker (120cm) are

4x longer than the shortest straws (30cm).

Let L = length of short straw, so the length of the long straw is 4L. In the single

configuration the flow rate through the long straw is I, so the time it takes for the Ar/CO, to

traverse the straw is . In the parallel configuration the flow rate through the straws can

51 ] ). Thus the time

be determined from the equation [ = | 1L + I ! where% is the flow through the long
- - Ll
. L _ I
straw. The above equation implies i = ——, so the flow through the long straw is equal to —.
N 20AL 4AL !

Hence, the time it takes for the gas to traverse the straw is

required in the parallel configuration should be greater by a factor of 5 than the time required

in the single configuration.

Method

Two primary setups were used in this experiment. Their details are outlined below.

The first setup consisted of a fully assembled test straw (1.5m) complete with sense

wire and gas manifold. A >*Fe gamma radiation source, which was responsible for ionizing the
g
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Ar, was placed on the rail beneath the straw. The potential on the sense wire was set to 1.4kV
and inner walls grounded. With the source near the straw (¥5mm distance), the x-rays emitted
by the source pass through the wall and are absorbed by the argon causing the atoms to emit
electrons and photons. The free electrons accelerate toward the positively charged wire and
collide with other atoms in their path causing them to emit electrons and photons, starting a
chain reaction. CO, is present to absorb the photons (which also help to sustain the reaction)
produced as a result of the chain reaction; this keeps the reaction region localized in a small
area of the straw. As the emitted electrons hit the wire, a small rise in current becomes

detectable, and by amplifying the signal the current is more easily measured.

Nitrogen gas (N,) will not ionize in this setup so there will be no change in current when
the source is placed near. By purging the straw with nitrogen, then pumping in Ar/CO, it
becomes possible to determine the time it takes for the gas to travel through the straw by
placing the source near the manifold where the gas exits and measuring the time it takes for
the current to increase. To observe the flow rate entering the manifold a pair of mass flow
meters (fm) were utilized. The fm’s used were model 200H Teledyne Hastings Mass Flow
meters with one calibrated with Argon and the other with CF4 at STP. They are capable of
measuring volumetric flow up to 10cm">/min, and output a voltage from 0-5V which is
proportional to the flow rate. The devices are analog so before they could be connected to the
computer, their signal had to be converted to a digital format using an analog to digital
converter (ADC). The ADC used was a B&B 485SDA12 data acquisition module which has 11
12bit A/D channels capable of measuring 0-5V. The module communicates with the PC via the
RS-485 interface; the settings used included a baud rate of 9600, an 8 data bit data format, no
parity, and 1 stop bit. The device used a DB-25(S) female connector as an I/O port, whereas
terminal blocks were used for power and communication. By soldering directly to a male solder
cup DB-25 connector, it was possible to electrically connect the fm’s to the module. The fm’s
used DB-15 male connectors as their I/O ports, so we soldered wires to their respective pins on
DB-15 female solder cup connectors and attached them to the fm’s. The following page shows

tables which gives the descriptions of the pins on the schematic which shows the connections.

11



Schematic of Connections

Flow meters (DB-15)

Pin

Description

Signal Ground

Signal Output

Power Ground

-15vDC

11

+15VDC

2N op-amp

-15V GND  +15V

ADC (DB-25
Pin Description
1 Analog Ground
9 A/D Input #1
10 A/D Input #2
11 A/D Input #3
17 +5V DC Output
18 A/D Ref Input +
19 A/D Ref Input -
TD(A) Transmit Data Line A
TD(B) Transmit Data Line B
RD(A) Receive Data Line A
RD(B) Receive Data Line B
+V +15VDC
GND Power Ground
ADC
9 71D(e
3 ;?JLI:B\ | To PC
10
., BRWA)
17 &no
18

12




The ADC reference voltage inputs (pins 18, 19) are used to establish the lower (-) and
upper(+) bounds of the input voltage, which in this case was 0V and 5V respectively. The I/O
port on the ADC provides a grounded pin as well as a +5VDC pin (Pins 1, 17), so these pins were
connected to the lower and upper reference pins respectively. The rear of the module houses
the terminal blocks which are used for communication with the PC and power input. Our setup
used the RS-485 interface in the 2-wire configuration (half duplex), meaning the transmission
and receiving lines will utilize the same bus, which is why the transmit and receive data lines
are connected in parallel. The PC used did not support the RS-485 interface so a VScom USB-
COM-PRO module (RS-485/USB intermediary) by Vision Systems was employed. The two data
lines from the ADC were sent to the VScom module where the signal was converted to be
compatible with the USB interface and sent to the PC for processing. The USBCOMCFG.exe
program was used to configure the VScom module and it can be found in the downloads

section of the module’s web page (http://www.visionsystems.de/produkte/602.html).

The DAQ.exe program was used to process the incoming data from the ADC and it can
be found on the installation disc supplied with the ADC. By default it displays the voltage on
each input pin. After configuring the program for the correct COM port, module address, and
leaving only channels 1 (FM Ar), 2(FM CF4), and 3 (op-amp) enabled, communication was
possible (for easier identification, the channels can be renamed and scaled to display the flow
rate instead of voltage). The program displayed readings which are higher than the actual by a

factor of 4, even when the scale was set to 1.

The Ar/CO, supply was connected to the Ar flow meter which was connected in series
with the straw and CF4 flow meter. Using a valve to control the flow, it was possible to view and

change the flow as desired. Below is a diagram showing the direction of gas flow:

FM Ar Manifold 1 Manifold 2 FM CF,
(inlet (exhaust)
Ar/COz N ) Straw . N
Source

13



The exhaust flow meter was present to detect leaks in the system. This was done by comparing
the readings from both devices and checking if the exhaust FM reading was significantly less

than the inlet FM reading.

The high voltage power supply (HV) had a current monitor which produced a voltage
proportional to the current (10V/1mA). Since the current passing through the wire was very
small, on the order of tens of nA, the voltage on the HV current line would be too small (<1mV)
to be accurately measured by the ADC module, so a non-inverting operational amplifier(op-

amp) was designed to augment this voltage. A schematic of the op-amp is shown below:

-V
— 1.5K
—
—
1pF
HV Current — Pot
Monitor 10K 100K
O MA
v(in) V(out)
1K (Re) [To ADC]

100K (Re)

The amplifier used was the TLO81 module by Texas Instruments, and the gain on this
particular op-amp was a factor of about 100 since the feedback resistor (R¢) had an impedance
which was 100x greater than the gain resistor (Rg). This gain was specifically chosen to simplify
the conversion process from voltage to current, now 1kV=1mA, or ImV=1nA. A potentiometer
(pot) was placed across the offset pins (N1, and N2) to control the offset voltages on the input

pins. The ADC module reads the voltage on its A/D input pins without averaging over time

14



3.2

which can cause the data collected to be sporadic. To mitigate this problem, capacitors were

added to filter out noise and integrate the signal over time.

To ensure the potential across the inputs were zero, a small voltage (<1mV) was
supplied by a power supply unit (PSU) and measured by a digital multimeter (DMM). The PSU
was then connected to the inputs (V(in)) of the op-amp, and the output was read by the DMM.
The pot was adjusted until the DMM displayed a voltage which was 100x greater than the

voltage being supplied by the PSU.

It had to be ensured that a noticeable increase in current would be detected after the
Ar/CO, displaced the nitrogen in the straw, so with the source near the straw, the current was
recorded when the straw was purged with each gas. The source was placed near manifold 2 and
the straw was purged with nitrogen. Ar/CO, was then pumped into the straw at a rate of
0.5cm3/min. The current in the sense wire was measured starting when the Ar/CO, was
pumped into the straw, and ended after the current increased and plateaued. A graph of the
data was made and the time was noted when the current started to noticeably increase. The

straw was purged with nitrogen, and the process repeated for flow rates of 1, and 2cm*/min.

It became clear that this was not the most accurate way to determine the flow in the
straw since a relatively high concentration of drift gas is needed for the current to rise. While
the gas is travelling down the straw it could be mixing with the nitrogen present in the straw
from the purging between each trial. This means that the Ar/CO, could have in fact travelled
the length of the straw, but an increase in current wasn’t detected because the concentration
of the gas at the end of the straw was not sufficient to sustain the ionizing chain reaction. Thus

a second setup was constructed.

The second setup utilized a CO, sensor to determine how fast the gas travels the length
of the straw. Atmospheric CO, levels range between 400 and 1000ppm, but the Ar/CO, gas has
a CO, level which exceeds 15,000ppm. By placing the sensor at the exhaust end of the long
straw (but not obstructing the end) the time it takes for the gas to traverse the straw can be
determined by measuring the time it takes for the CO, levels to rapidly rise near the sensor.

This setup used straws which were not tensioned and contained no sense wires. The effects the

15



brass & plastic inserts had on the flow rates needed to be determined so tests were performed
on the two different versions available at the time. A test was also performed on straws which
had no inserts so the data collected from the straws with inserts could be compared to this

‘ideal pipe” with no obstructions at the ends.

The CO2 sensor used was an EE892 model by E+E Elektronik, and it measures CO2 levels
using non-dispersive infrared technology. The sensor uses the proprietary E2 interface which is
essentially a slower version of the I°C interface. There were no ways available at the time which
allowed the device to communicate directly with the PC, so it was decided that a
microcontroller be used to impersonate an E2 master module to control data transmission.

Details of this arrangement can be found on page 21.

To prevent environmental disturbances (such as the wake produced from a passerby)
from affecting the CO; around the sensor, the sensor along with the exhaust end of the straw
was placed in a Ziploc bag, with the front opened slightly to prevent pressure from building up
in the bag. Atmospheric CO, levels were measured before testing began so it can be known
how much higher the detected level needs to be before it can be certain that the Ar/CO, has
exited the straw. The flow of the gas entering the manifold was measured using the flow

meters from the previous setup.

With only the long straw connected to the manifold and ensuring the setup is purged
with nitrogen, Ar/CO, was then pumped into the manifold at 1cm>/min, and recording of the
CO, levels began. Once the levels began to rapidly rise, recording was stopped and the data
graphed. This process was repeated for flow rates of 2, 4, and 8cm®/min on all three insert
configurations (ver.1 and 2 of the brass & plastic inserts, and no insert). The process was again
repeated with the shorter straws connected in parallel to the manifold. Multiple inlet flow rates
were used to check the consistency of the of the time difference factor between the single and
parallel configuration. It should be noted that all tests were performed with the straws in a
horizontal position to mitigate any effects caused by gravity. The lengths of the straws used

were 122cm (long straw) and 32.5cm (short straw).
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Diagram Showing the Single and Parallel Configuration

Single Configuration

—> Long Straw —> | I:I
Manifold CO, Sensor

Parallel Configuration

—p Long Straw —P | I:I
Manifold CO, Sensor

Short Straw | —p

——J =direction of gas

Pictures Showing the Different Versions of the Brass & Plastic Inserts

Version 1 Version 2

The earlier version of the inserts features a small circular opening which is where the

gas enters or exits the straw. The second version features a much larger semi circular opening

above the plastic insert.

17



4.1

Results and Observations

The following data was obtained with the first setup. When the source was near the
manifold 2 and the straw purged with N5, the current in the sense wire was ~53nA. When the
straw was purged with Ar/CO, the current increased to ~73nA, and this says that the gas has
reached the end of the straw when the current rises above 53nA. The following graph was

obtained from the data collected:

Setup 1
80
70 /\’J\f
/.—_./_A’
60
P Inlet Flow rate
_.50
< —2ccm
£
€ 40 lcem
[
= ——0.5ccm
3
V30 3, .
ccm =cm’/min

20

10

0

0 9 10 20 30 40 50 60
Time (min)

* indicates lower current boundary

The portions of the graphs enclosed by an oval show where the current started to increase, at
this time the drift gas has reached the end of the straw. The data implies that the time taken for

the gas to traverse the straw is inversely proportional to the inlet flow rate.

It was noticed that the current boundaries changed with environmental conditions,
humidity in particular. This was not a major problem since our only interest was the change in

current and not the actual value, but for consistency purposes this data was obtained on the

same day.
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4.2 The following data was obtained from the second setup. Atmospheric CO, levels ranged
between 400 and 500ppm. The following graph was obtained with the straws using the first

version of the brass & plastic inserts (B&PI):

B&PI Version 1

2500
Inlet Flow rate
—8ccm
2000
1Y e 8ccm Parallel
——dccm
"E" 1500 ft
o —4ccm Parallel
&
~ —2CCm
S 1000 -
2cem Parallel
—1lccm
500* ~ 1cem Parallel
3 .
ccm =cm’/min
0
30 40 50 60
Time (min)

* indicates environmental CO, level

The portions of the graphs enclosed by an oval show where the CO; levels started to increase,
at this time the drift gas has reached the end of the straw. For easier interpretation, the inlet
flow rate and corresponding configurations are identified using two shades of the same color.
The darker and lighter shades indicated the single and parallel configuration respectively. The
numbers in the legend are also used to indicate the configuration; if parallel isn’t written

behind the flow rate then the data was obtained for the single configuration.

Again the data indicates that the time taken is inversely proportional to the flow rate.
The graph shows that the time taken increases by roughly a factor of two in the parallel
configuration vs. the single configuration, e.g. for the 4ccm single configuration, the time taken

is “4mins, but in the parallel configuration at 4ccm the time taken is ~8mins.
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4.3 The following graph was obtained with the straws using the second version of the B&P!I:

B&PI Version 2

2500
2000
— 1500
E
[~ %
—
o~
o
© 1000 +
A
500 == o . ‘
F
0 -~
024 7T 1012 20 3031 40
Time (min)

* indicates environmental CO, level

50

60

Inlet Flow rate

— 8ccm
~——— 8ccm Parallel
—dcem

4cem Parallel

2cem

~—2ccm Parallel

iccm

1ccm Parallel

3 .
ccm =cm’/min

The data once more shows that the time taken is inversely proportional to the flow, and

the time taken increases roughly by a factor of two in the parallel configuration.

4.4 The following graph was obtained with the straws using no inserts:

No Inserts
2500
2000 -f
F 1500 1 J/
c -
= p
o ”
S
© 1000 <
,,-
"
S > <= amatiy
F
O ‘ v
02 4 6 8 19 12 20 30 40
Time (min)

* indicates environmental CO, level

Inlet Flow rate

—BCCM

8ccm Parallel
—ccm

—=&ccm Parallel
—2CCM

e 2cCm Parallel

iccm

~1ccm Parallel

3 .
ccm =cm’/min
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The data shows again the inverse proportionality relationship between time and flow

rate. In this case however, the time taken in the parallel configuration was roughly three times
more than the single.

The graph below shows the inverse proportionality relation ship between time and flow rate

(data obtained from previous graph):

1/t vs. Flowrate

0.6

0.5

0.4

: _
/

0.1 /

1/t (1/mins)

0 1 2 3 4 5 6 7 8 9
Flowrate (ccm)

Discussion and Conclusion

The data collected from each trail, and the latter graph clearly show that there is an
inverse proportionality relationship between flow rate and the time it takes for the gas to
traverse the straw. This is evidence of flow dominance since in the event of diffusion
dominance it would have been expected that the time taken remain constant. Other indications
of flow dominance are present in the data from the second setup. When the short straw was

connected in parallel to the manifold, the time it took for the gas to traverse the straw
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increased significantly, but in the case of diffusion dominance there should have been no

change.

The time taken for the gas to travel across the straws with the B&PI in the parallel
configuration, only increased by a factor of two compared to the single configuration. This
factor of two indicates that that the flow through each straw is equal, meaning that the
resistance faced by the gas is equal in both straws. However in a flow dominated system, the
length of the pipe is proportional to the resistance experienced by the gas, and in this case the
two straws differed in length by a factor of four. One possible explanation for this factor of two
could be that the resistance to flow caused by the inserts is much greater than the resistance

caused by the straw, so the resistance caused by the straw can be ignored.

The previous explanation, however, cannot be applied to the straws with no B&PI, since
there are no obstructions present to inhibit flow, other than the straw itself. In this case it was
expected that the time required would increase by a factor of 5 in the parallel configuration vs.
the single configuration, but instead a factor of three was observed. A possible explanation
could be that the volume of gas that exits the straw between to < t < tefr is being detected. There
could have also been a resistance produced when the gas transitions from the manifold to
straw, and straw to environment. It is also possible the straws may have not been perfectly

horizontal, so gravity could have had an unaccounted effect on the flow.

While it has not yet been determined why the travel time only differs by a factor of
three in the straws with no B&PI, the data by itself is promising. The initial worry was that the
flow through longer straws would be severely impeded, and calculations show that the flow
should actually be 5x less in the longer straws in the parallel configuration. However the flow
was only shown to be three to two (with inserts) times less when in parallel, meaning more gas
is flowing through the longer straws than anticipated. So each straw in the final design should

receive and adequate supply of gas needed to operate effectively.
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Details of the CO, Sensor Arrangement

As mentioned earlier the EE892 model communicates via the E2 interface which is
similar to the 1°C interface, only slower. This means two active lines, data and clock line, are
required for proper data transmission between the master and slave modules. The controller
board used was an ARMmite by Coridium Networked Control Systems. It featured an LPC2103
microcontroller unit (MCU) manufactured by NXP Semiconductors whose CPU is based off of
the ARM7 series and has a clock speed of 60MHz. The controller board communicated with the

PC via the USB interface, which also served as its power input.

Communication between the MCU and sensor takes place as a digital signal, so the
transmission lines needed to be connected to open collector pins which allowed the devices to
toggle the voltage on the pins high or low. The lines themselves were connected to a 5V supply
(Vop) with 12KQ pull-up resistors (Ryp) on each line. A diagram of this arrangement is shown

below:

ps
[
o
1
I
0

up

Data

Clock

The open collector pins feature transistors which govern the voltage on the lines. The transistor

state depends on the voltage on the base of the component and this is controlled by the MCU.
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Toggling of the Lines

The voltage on the lines can be read by both the master and slave devices, and the digital signal

is transmitted as a unique combination of these high and low states.

The clock line, which is controlled by the master module, is used as a signal to inform
the slave when the transmission of data can take place. The clock line is repeatedly toggled high
and low, and only in the low states, does the module sending data have the authority to toggle
the data line. This means that the module receiving the data will read the data line when the

clock line is in the high state. Below is a diagram showing how data transmission takes place:

Data \__[ _______________________ —X_ _/

Clock \ \
Start T Stop

condition condition

In the idle state, i.e. no transmission taking place, both lines are kept in the high state. The
master informs the slave that a data transmission is about to take place when the data line is
set to the low state, and the clock line follows (start condition). This first bit is then placed on
the data line, and the clock line is toggled repeatedly to allow the rest of the bits to be sent.
Once all of the data has been sent, the clock and data lines will move and remain at the high
state (stop condition) until another transmission occurs. More detailed information of this
process is available in the “Specification E2 Interface” document located in the downloads

section of the EE892 module’s web page (http://www.epluse.com/en/products/co2-

measurement/co2-sensor/ee891/).

In order for the MCU to function correctly as an E2 master module, a program had to be
written which gave the device instructions on how to function in particular situations. The
program was written in C specifically for the ARMmite control board. The file containing the
program is called ‘EE892_ 3b.c’. Many of the core functions were found in the “Utilizing the E2

Interface” document located in the downloads section of the EE892 module’s web page,

24



Figure 1

however some had to be altered slightly to work correctly with the MCU, as well as the custom

made functions.

A command or request of data by the master is always initiated with the transmission of
a control byte, which consists of the main command, sensor address and a bit which
determines whether the slave needs to send data. There are various four bit main commands
which the sensor will acknowledge found on page seven of the “specification E2 interface”
document. There are three bits reserved for the address of the module, meaning up to eight
devices can operate on the same bus. This program was written specifically for the use of three

sensors on the bus.

Initially it was observed that when the program attempted to read the CO,
measurements with multiple sensors on the bus, many errors were obtained. Below is a photo

of the original block of code:

case

while (1) {

printf ("%d\n",read 3( , )): //read sensor 0O
WAIT( )

printf ("3d\n\n",read 3(0x . : )) //read sensor 1
WAIT( )

printf ("%¥d\n\n",read 3 (0= , : )) //read sensor 2
WAIT ( ):; // Ensures that each r

}

read cycle remains within a 15s window

The code attempts to read the data from a sensor once, then it moves to the adjacent sensor.
To mitigate errors, the code was modified to read each sensor multiple times until data was
successfully transferred. Of course the loop could only last for a finite amount of time before
the sensors updated their measurements, which in this case was every 15 seconds, so the code
had to be designed to restart after 15 seconds. A photo of the revised code can be seen on the

following page.
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case 1l:

//sensor 0

// After 3 failed reading attempts,

~1s total accounting for the

(address)

know how much time was taken

if the reading is not an error

print reading

'mydelay' in the function

Ensures that each read cycle remains within a 15s

printf("\nS0 51 s8z2");
while(1l){
unsigned int z;
unsigned int w;
unsigned int k;
for(i=0; i<K3; i++){ //
unsigned int ppm;
ppm = read 3(0xCl, 0xD1);
z =1i; // lets us
if(ppm !'= OxFFFE){ //
printf£("\n%d", ppm); //
i=4; // end locp
}
if(i==2){
printf£("\n");
}
WAIT( Yi//
}
for(y=0; y<4; y++){
unsigned int ppm;
ppm = read 3(0xC3, 0xD3); //
W=y
if(ppm != PR
printf(” %d", ppm)
y=5;
}
if(y=3)1{
printf (" ")
}
WAIT(5835);
}
for(3=0; 3<5; J++){
unsigned int ppm;
ppm = read 3(0xCS, 0xDS); //
k=13;
if(ppm '= OxFFFF){
printf(” #d", ppm);
j=e;
}
if (=91
printf (" ")
}
WAIT(565) ;
}
WAIT((l2-z-w-k)* Yi: /7
}

Will attempt to read the data up to three times if an error is consistently cbtained

a space is displayed

window

As can be seen above, the code will attempt to read the data from the sensor with address 0

(sensor 0) a maximum of three times in the event of contiguous errors, and then move on.

However, if a reading is successfully acquired, the first loop will end and the code will move on

to the second loop, which will attempt to read from the sensor with address 1 (sensor 1). The

second and third loop function on the same principles as the first, however the maximum

number of times these loops will execute increases to 4 and 5 respectively. This was done
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because the sensors with the higher addresses displayed more errors in the original code. The
last WAIT function ensures that the code would repeat after 15s because it takes into account

the total number loops performed, which can vary each time the code is executed.

Another important feature the program included was the ability to manually change the
sensor’s address. By default each sensor’s address was set to zero, meaning that the address of
one sensor had to be changed before a second could be added to the bus, to prevent a conflict.

A photo of the block of code which allows this capability is shown below:

case : //write to address

printf("\nSelect sensor:"):;
gets (instring) ;
sensor = atoi(instring):;

if (sensor>2){
printf (" \nN/A") ;
break;

}

printf("\nSensor Id\nEnter address to write to:", sensor):;
gets(instring):;
addr = atoi(instring):;

printf ("\nAddr = %x\nEnter wvalue to write:", addr):;
gets(instring)

unsigned int wvalue;

value = atoi(instring):

printf("\nData written = %x",write_to(Cxl10+(sensor+*2), addr, value)):
break:;

When the code is executed, the user must input the address of the sensor he wishes to write
to. He must then select the address of the sensor’s custom memory he wishes to write to.
Finally the user must enter the value he wishes to save in the custom memory. One of the
available custom memory addresses is the sensor’s bus address located at 0xCO, and by
changing the value stored, the address of the sensor is changed. A table of the available custom
memory addresses can be found on pages 13 and 14 of the “Specification E2 Interface”

document.
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Repetitive Code

Optimized Code

To make the code more efficient, instead of having a function written for each sensor as
in the first block of code shown on page 23 (Figure 1), the function can be written once to

satisfy all the sensors. The control byte is defined as follows:

Control Byte
Bit7 | Bit6 | Bit5 | Bit4 Bit3 | Bit2 Bit 1 Bit 0
Device Address R/W

Main Command

So for example if we wish to read the status of sensor 0, the control byte would appear as
follows: 0x71 in hexadecimal (hex) or [0111][000][1] in binary. But if we wish to read the status
of sensor 1, the control byte appears as [0111][001][1] or 0x73 in hex. Notice only the address
portion of the control byte changed by one increment in the binary format, which lead to the
hex value increasing by two. It turns out that raising the address portion of the control byte by
one increment, will always lead to the hex value increasing by two increments from its previous
value. This means that a control byte need only be written once in the form

(control byte for sensor 0)+(2*sensor address), to satisfy all sensors.

An example of this optimization is shown below:

if (EE03_status( ) 1=0){ for(i=0; i<2; i++){

printf ("Sensor 0 error\n"):; if(EEO03_status ((Ox71+(1*2))=0)){
} printf ("\nSensor %d OK", 1i):
else{ }
printf("Sensoxr O 1) else{
} printf("\nSensor %d Error", 1i)
WAIT ( ) }
WAIT( )
if (EEO03_status( ) 1=0) 14 }
printf ("Sensor 1 error\n"): break;
}
else{
printf("Sensor 1 1)
}
break;

The two blocks of code are functionally equal but, there are fewer lines in the code on the right

because it is optimized.
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