








Furthermore, we know that as the pressure dectimeglensity of the gas will

decline as well. Using equation 1, we can writefti®wing:
P =2RT - P = pRT
Where rho is density.

Therefore

=P (11)

With the ideal gas law and the various convectiond@tions and forms defined,
we now turn our attention to the modeling and penénce of anemometers. This study
requires two more physical formulas. The firsthe twell-known Bernoulli’'s equation;
the second is the adiabatic Boyle-Marriot Gas Lsve will not explicitly state them

here, but will indicate their function in deterrmgi anemometer function and calibration

when needed.

Dynamic Pressure Anemometer (Pitot —Tube Anemometgr

Fig. 4. Pitot Tube Diagram (Fritschen & Gay, 1979165)
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A Pitot tube measures stagnation pressure of amiatfluid utilizing Bernoulli's
equation. Stagnation pressure is the sum of twergitessures (Clancy, 1975). If one can
measure both the dynamic and static pressure,tkigestagnation pressure can be found
using Bernoulli’'s equation. However, in this cases are interested in the dynamic
pressure as we can derive the wind speed fronhéreffore, we must be able to measure
both the stagnation pressure and the static pes$he Pitot tube Anemometer, whose
functioning can be easily understood from the pecton Fig. 4 (extracted from Fritschen
& Gay., 1979), allows us to measure the relevagsgures.

We want to measure the pressure on the intake Ppbd.dynamic pressure is
equal to P + 1/2U? (Clancy, 1975) (Fritschen & Gay, 1979). We alsweha side port.
The pressure on the side port is equal to P —dUBQFritschen & Gay, 1979) where
P = atmospheric pressure (static);

U = wind velocity

p = air density;

C = constant, which is less than unity.

Subtracting the side port pressure from the intake pressure yields

AP = (1 + C)*U?)/2,

WhereAP = the differential pressure measured with a manemat differential
pressure transducer. Solving for wind velocity ggel

U = [2*AP/p(1 + C)I!?, and provides basis for Pitot tube calibrationviind
speed measurements.

We can now invoke the idea gas law and declaréotlmving:

p=P/RT->p=P
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Hence we can write,

pUZ2 =pU?/2

Here c indicates air density and velocity for sertsdibration conditions. Finally
we solve for velocity and get:

Uc = U(p/po)™? = U(PIR)2

Dynamic Pressure Anemometer (Vane Anemometer)

While the Pitot tube provides operators with thetheslocity data, it does have
one drawback. It cannot measure the velocity dbw Df significant size. It only gives
an estimate for the average velocity of the erlo® by measuring a small portion of it.
This means that we would have to place severat Rib@s in the greenhouse. Therefore,
we would see an increase in mass and a decreasabie volume. Increasing the size of
one unit would have the same effect. The Pitot’tubest use is to evaluate data gathered
from other sensors and aid in determining the amyuof the data obtained from other
sensors (Fritschen & Gay, 1979).

The solution is to gather data from a vane anememenhe of the oldest tools in
meteorology. The vane anemometer works by generdtia rotation of a central shaft
when wind flows over blades connected to the shdfe fan revolutions are measured
and used to calculate wind velocity (Fritschen & GES79). However, this system is not
always accurate. Even in a standard pressure emveot, friction and drag would play a
role. Furthermore, in a low pressure environmentfing that generated wind speed, for
our limited velocity fans, do not have sufficiemepsure to cause detectable rotation.

There are many complex formulas regarding the iogighip between wind

velocity and fan rotation rate. Fortunately, appmtions exist that make the
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calculations less tedious and still give us a gaew of the instrument’s behavior at low
pressures. For example, the American Society ofhdeical Engineers (ASME) states
that wind velocity is approximated by fan rotati@te (American Society of Mechanical
Engineers, 1971).

Vane or cap anemometers function on the basis lahba between drag forces
from exerted air flow and friction forces generateg interaction between rotating
propeller and air as well as propeller axel and ¢geatschen & Gay, 1979). In principle,
this device is easy to use. However, data analgesomes problematic when the
anemometer is placed in a low pressure environnMgithematical corrections are made
to bridge the gap between mechanical and stafistetzavior.

For an anemometer operating at standard pressmesdensities, mechanics
dictates that we sum the mechanical behavior ofdtees on the axle and propeller. This
yields the dynamic force of the wind acting on dmemometer. Expressed quantitatively

this yields (Rygalov, et. al., 2007):
for + CvpR? (%) = 0.5(C. - C)pGU? , (12)
Where
f = coefficient of proportionality for friction ipropeller axel
o = circular frequency of propeller rotation (1/s)
r = radius of propeller axel (m)
R = radius of propeller (m)
p = air density (Kg/r)
v = Kinematic viscosity of air (As)

C = coefficient proportionality for friction forcef propeller rotating in the air
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C.. = drag coefficients for drag forces exerted ongitapeller

G= area of propeller vane fin

From this equality we solve for wind velocity inmes ofw:

® = 0.5(C. - C)GU™{ p/CVR*(*r/CVR® + p)}.

Air densityp = P/RT, by (11)

Taking obtained relations into account, adjustnfentmodified pressures could
be presented as:

wlw, = PA[R*T/M]*[f*r/C VR?] + P}, which is the inverse hyperbolic function of
total pressure P (Ryalov, 2008).

Hot - Wire Anemometer.

The hot wire anemometer measures air velocity Byrémoval of heat from the
hot wire by the surrounding air. At normal pressudl three modes of heat transfer are
operating. At lower pressure, however, the heaw fllecomes increasingly reliant on
radiation. Conduction is still a factor, but theeeage number of molecule collisions with
the hot wire decrease dramatically and convectiopssbelow 25 kPa.

Mathematically we can express the response ofsisor using the following
thermodynamic equation:

AT = &(Q; — Qa)

Where

AT = change in temperature (Kelvin).

¢ = A physical constant (Kelvin/Joule).

Qi = Heat generated by the hot wire (Joule).

Q. = Heat gained by a cooler mass of fluid (Joule).
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We state, as a reminder, that the right-hand sfdihis equation is completely
dependent on the pressure of the surrounding mediiencan easily substitute any of
the equations for heat exchange for the heat egehquantity.

We now make the following statement by invokingrgyeconservation: The heat
energy created by the wire is equal to the heabvexh by the air over time t. Stated
symbolically as:

Q = GpGK(T - T,

Where:

Q = amount of heat per unit of time provided fot tvire;

Cp = specific heat capacity for the air circulatirrguand hot wire;

p = air density;

G = surface area for heat exchange,;

K. = air circulation rate measured in velocity urfitgs for example);

T = hot wire temperature;

T4 = air temperature.

Solving for K_yields:

KL= Q/[CopG(T - Ta)]

We invoke the ideal gas law for pressure and swibstyielding:

KL= Q/[CeMPG(T — T)/RT4.

We have determined the response algorithm for tenire anemometer at one
standard atmosphere. We calibrated our sensorsasglcific pressure and need to make

the following adjustment to provide a correction dicfferent pressures.
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We make this correction by selecting the independanable (pressure in this
case) and divide it by 101.3 kPa. We then multthigt quotient by the calibrated wind
speed. This correction will generate a linear fiorcfor the sensor response.

With working equations for the function, and caditton corrections, for the three
anemometers, we have a good basis for monitorirty camtrolling wind speed and
convection.

At this time, let us pause and consider the folitmyvguestion: why do these
sensors need special calibrations? The answeatighis environment is rarified in terms
of atmosphere which changes the physical natuhefenvironment. Our sensors are
designed to operate on the basis of classical mehaHowever, as the pressure
decreases, molecular behavior becomes statistical.

The Knudsen number (Kn) is a dimensionless numhbat tefines when a
problem needs to be treated statistically rathan ttlassically. The Knudsen number is

written symbolicly as (Probstein, 1963):

A_ (“_V)Z M (13)
Where;
A = Path Length
L = Length
v = Ratio of Specific Heats (1.4 for air)
M = Mach Number.
As Kn approaches zero, classical formulations asdilts become less relevant.
Instead, problems must be treated using statistiwathanics and Thermodynamics

(Probstein, 1963). Therefore, we believe our catibns will work within a certain range.

28



However, there will be a low pressure “tipping gbiwhere the calibrations will no
longer produce satisfactory results. Rygalov's @QOearlier research locates this
“tipping point” near 25 kPa.

We conclude this section by describing the envirentrof the chamber during
the experiment. A small amount of energy is beiddea to the system from both visible
photons (the observation window) and infrared phst@from operating sensors). We
predict that these sources will not have a sigaificimpact on our results and we

disregard them.

In each experiment the pressure range describeceatmuld only be maintained
for 137 minutes on average. This will not be enotigte for the gas to reach thermal
equilibrium. Therefore, we do not expect to seefita low temperature as predicted by
Equation 5. If the air in the chamber is allowedeach thermal equilibrium, we would

see temperatures more in line with what is preditteideal gas law.

Humidity is also measured for the duration of tlestd by the four sensors
described in the LPTB section. Humidity plays alible in the understanding of free
convection as well. While the measurement of hutyidiroutine, the implication for the
overall climate picture is subtle and must be exeahicarefully. We define it here,

modestly, to aid in the description of the envir@mn

In short, humidity is the amount of water vaporarparticular volume of gas
(Wyer, 1906). In fluid dynamics this volume is neéxl to as a parcel. It can have any
dimensions we choose and what is true for a pastelne size can be said to be,

generally, true for a parcel of any size under lsinpressure and temperature conditions.
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In terms of the ideal gas law, one parcel variemfanother in terms volume only (Gill,

1982).

Humidity is related to temperature. Two specializedrmometers are used to
measure relative humidity. The first is a “dry Buthermometer. This thermometer is
insulated from the effects of water vapor. Therefar is often the best indicator of the
actual temperature of the (dry or unsaturated)lameasures temperature and we shall

refer to this temperature as the “dry bulb tempeeit(“DBT”) (Engineering ToolBox).

The other thermometer is the *“wet bulb” thermometdr measures the
temperature of the mixture of gases and water mt@sd“*WBT”). In meteorology, this
is the temperature of air that is rapidly expanded cooled to maximum water content

and then rapidly compressed to its original presgiNational Weather Service, 2001).

Rygalov (2002) examined this phenomenon in detad &und that the low
pressure environment has little or no impact onréhative humidity. However, he did
find that temperature impacts relative humidityaperation did rapidly increase below
25 kPa. In addition, Rygalov theorized that plaintdow pressure environments could

experience water stress.

Convection plays a minor role in the heat exchamgéaronment. The Rayleigh
number is low indicting a great temperature diffee is required to have natural
convection. Forced convection is laminar and wéakking at the Reynolds number we
would have to create sustained wind speed of rqugjhin/s to achieve the turbulent flow

that we require. Finally, the winds we can genepateluce a very low (~1E-2) Mach
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number. Hence, the Knudsen number is much lessuhigy and the environment favors

statistical behavior.

In summation, we state our expectations. The loesgure environment will
effect sensor functioning and data collection. Hosvewe expect simple calibrations to
present an accurate data response to improve mogitand control of wind velocity.
We expect no appreciable amount of convection (foeeforced) to take place.
Temperature will decrease as we lower the pressureill humidity (water being pulled
into the pumps). However, once the system is sa&blilwe expect no change in relative

humidity (Rygalov, 2002).
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CHAPTER 1l
PROCEDURES
Chamber for Reduced Pressure Environments Simulatio
The first phase of the forced convection experimamblved the setup of the
LPTB, including calibration and testing of the “aard” sensors. We decided to run
three separate tests, with each test lasting appabely seven hours and ten minutes. It
is at this time that we concluded that the datdeyad during these tests could be

informative concerning the expected absence ofdoewection.

Tests, Arrangement and Implementation

At the beginning of each test, the LPTB is pregadito 1kPa (1 atm) of natural
air. The initial air mass is in thermodynamic anecmanical equilibrium. Air temperature
at this point is 288.6 K as measured by the intaifnabulb thermometer. No significant
variance is noted between the air temperaturearcttamber and the air chamber of the

room. This allows us to conclude that the dry ihlrmometer is working properly.

The LPTB is sealed and pressure is maintainechianext hour and 40 minutes.
During this time we collect data from each of telative humidity sensors (HU 1-3). To
determine operational parameters of HU1-3, we takaverage of the readings and then
compare that average to the predicted relative tityngiven by the dry and wet bulb

measurements.
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During each experiment, we notice a spike in irdetamperature at roughly 35
minutes after chamber closure. We theorize thatst#ading of the chamber created a
minor shock as external air entered the chamb#readoor closed. This shock heated the
air inside temporarily. In addition, ambient phaoocoming through the observation
window and ambient infrared photons from powerediggent contribute to the rise in
temperature. The spike lasts for a short time aralfew minutes air temperature returns

to values around 289 K.

The closing of the door has a similar effect onredative humidity. All humidity
sensors record a rise in humidity levels after wles We again attribute this to the
propagation of a shock moving through the chamber élso would expect smaller
waves moving horizontally as air bounces off tre 9f the chamber). The propagation
of the shock can be traced by the location of tmidity sensors (HU1 is located closest
to the door, HU2 in the middle, HU3 at the reat)tdkes roughly an hour for the
humidity sensors to stabilize at the original valu&/e note these values are at about 70%
relative humidity. This is confirmed by the difface between the wet and dry bulb
readings during this time. We conclude that at atreosphere, HU 1-3 are operating
within their normal range. We begin depressurizatib 1 hour 41 minutes after chamber

closure.

We proceed to collect data (relative humidity, wet dry bulb temperatures and
pressure) for roughly six more hours. The diffeeedetween the wet and dry bulb
temperatures confirm that HU1-3 operate within rhees for the entirety of the
calibration procedure. Pressure drops below 25tkRee hours, 40 minutes after closure

(we examine the data during this time in our “resusection). The chamber operates at
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25 kPa, or lower, for the next three hours andnémutes. The test is completed in the

stated time and data is uploaded for study.

We conduct three of these tests and examine tlae thathe end all equipment is
functioning within tolerances. Therefore, we aready to proceed with a forced

convection test.

After analysis of the calibration data the LPTB rsadied for the forced

convection test. Figures 5-9 show the preparatiepssthat are described below.

Fig 5. The Low Pressure Test Bed and Wind Tunn®lrgparation Stage for
Forced Convection Testing
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Fig 6. Wind Tunnel

Fig 7. Wind Tunnel Preparations for Data Collection
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Fig 8. Primary Sensors Placed in the Wind Tunn@&bperimental Configuration.

Figure 9. Final Experimental Configuration.
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The wind tunnel is inspected and found to be inrag@nal condition. It is at this
time that we decided to proceed with the sensachithent and calibration phase.

A Pitot tube is put into place through a small hatethe ventral side of the wind
tunnel. This sensor is used to gather data foiptirpose of providing confirmation and
comparison of the data collected by similar senséfs are also testing the Pitot tube’s
ability to measure wind velocities at low pressufer this experiment the tube is
connected to a SETRA transducer with data measarealts (SETRA, 2007).

The next sensor added is a Thermo anemometer.iFhise sensor that will
provide the key data for this experiment. The seffigoctions by monitoring the heat
exchange environment. Therefore, the data collestikglay a major role in our analysis
and conclusions. Data is provided in standard menits for velocity (m/s). This sensor
is calibrated as per the instructions and placederwind tunnel ( EXTECH, 2001).

The final sensor is a vane anemometer provided AN®MAX. This simple
device measures wind velocity using Bernoulli'snpiple. It provides data in standard
metric units for velocity (m/s). It is calibrated eelated in the instructions and placed in
the wind tunnel (KANOMAX, 2004 ).

All sensors were calibrated at standard atmosphaméssure. We will make
corrections for data gathered in the low pressow@enment in the analysis section.

Upon completion of the preparations noted abovewtimd tunnel is placed in the
LPTB and the door is sealed. The fans are activatetl will remain active for the

duration of the experiment.
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CHAPTER IV
DATA ANALYSIS AND DISCUSSION

Upon conclusion of the experiment, data is coliéced analyzed. These tests
have been conducted since 2007 at NASA’'S Life SasrDepartment at Kenedy Space
Center. Data and corrections were returned to thacé& Studies Department at the
University of North Dakota for continuing modelliramd research. All of the presented
analysis is a recalculation and reevaluation of tda@a (Rygalov et. al. unpublished data,
2007).

Early results indicate a significant level of namelar behavior in the response of
all sensors and fans (Figs.10-11). Therefore, wecloded that the low pressure
environment created an impact on fan rotation ratessensor responses.

The pressure was returned to normal and this theas/tested. A Hall detector,
from the SCWINN company was attached to the ragatigne anemometer and the wall
of the wind tunnel (SCWINN, 2007). The LPTB was lsdaand the pressure was

lowered. The data from this experiment was gragmetidisplayed in Figure 10 below.
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Air Circulation vs. Pressure

s, V10, RPS/10

kPa

Fig.10 Initial Results for Wind Velocity Measurey Different Sensors and
Methods.

RPS vs. Pressure

—t=—RPS
= Power (RPS)

revolutions/sec

kPa

Fig. 11. Fan Revolution vs Pressure
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These data provide a good fit to the theoreticatl@h@oncerning the increase of

rotation rate in conjunction with a decrease irspuge (Pontyak Resources Corporation).

P,/P
Bs = Bo oy
/Pz

Specifically stated as:

Where:

Bs = Final blade speed

Bo = Initial blade speed

P1 = Initial pressure (101 kpa)

P, = Final pressure

p1= Initial air density

p,= Final air density

Additionally, to achieve a better fit to the exfgwy curve we modify the

previous equation in the following manner (RygakoWheeler, 2008):
1 1 b

T P2
U=Ug| —||—
O(Toj (F’oj

Where:

UO: velocity where fan was calibrated

b = compressibility O<b<1
P = current atmospheric pressure

PO: normal atmospheric pressure, 101.3 kP

y = adiabatic correction coefficient for Boyle-Marriddtas Law
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Free Convection Results

We took the opportunity to test our conclusionsudtibe lack of free convection
and the effects on temperature and humidity duaimgst of the temperature and pressure

equipment. As expected, both relative humidity gamdperature decreased during these

tests and we present our findings below.

Pressure
120

100 r

. 1

60

Pressure (kPa)

e Pressure

40

y E=
S

0.00 100.00 200.00 300.00 400.00 500.00
Time (min)

AN

Fig. 12 Measured Air Pressure.
The figure above shows the decrease of the aispresn the chamber versus

time. As stated previously, the total time for thigoeriment is roughly seven hours and

the pressure minimum of 1kPa is maintained foratgberiod of time.
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Fig. 13 Dry bulb temperature (c°) vs time andspuee.

The dry bulb temperature (figure above) is treatedhe ambient air temperature

and is graphed on the right vertical axis. The terafure decreased about 6 K. This is in

rough agreement with the ideal gas law. Our medsuakie is somewhat higher than we

expected. We believe that additional heating caimm fambient photons coming through

the view port and electrical heating from the semgsbemselves. In addition, the air in

chamber needed more time to reach mechanical lkequih. We are confident that if

more time elapsed we would see much lower temp&stu
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Fig. 14 Wet bulb temperature (c°) vs time arespure.
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Fig. 15 Relative humidity vs time and pressure.
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The data presented above show that any convecsiolmited. We see no
spontaneous movement of water vapor from one phrthe chamber to another.
Additionally, the air temperature in the chambecagistant throughout the interior. We
see no transfer of heat energy. We estimate theeigaynumber to be about 6.

Forced Convection Results: Data and Analysis - Win&peed and Air
Circulation Measurements.

Raw wind speed data recorded by the sensors in l&&presented below (Figs.
16-20). Each of the three sensors are designed to medseirsatne physical quantity
(wind velocity) using different physical methodsher theoretical curves used in our
analysis are generated by these methods.

Note, that of all three sensors only the hot veingl Pitot tube attain a reliable
linear response at all pressures. The vane showadimear behavior after pressure
dropped below 25 kPa as expected. We re-affirmtheavane is a poor tool for work at

these pressures.

Wind Velocity vs. Pressure

y = 0.506x%4°7?
R? = 0.7685
5 4
y = 0.0076x + 3.1949 y = 0.7594Ln(x) + 0.4871
a4
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34 = Hot, m/s
v y = 0.0352x - 0.0941 Pitot, v
E > Linear (Hot, m/s)
, R® = 0.9937 Log. (Vane, m/s)
2 Power (Vane, m/s)
= Linear (Pitot, v)
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Figure 16. Uncalibrated Sensor Response Data Ubifferent Pressures.
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We are now ready to analyze the data for each sémsovestigate the potential
for forced convection creating meaningful heat exge.

We graphed the data (Fig 12.) recorded by the \@arm@mometer, hot — wire
anemometer, and the pitot tube. The hot-wire amnok pube recorded a linear plot for
most of the range. However, the vane produced maad results well before the
pressure dropped significantly.

We expect that any off-world greenhouse would afgewith a pressure between
25-10 kPa. However, we also note that the wind arglogenerated by the fans is
extremely low, too low to meet the forced convattaiteria in the theory section. By
using Equation 4 we calculate Rn = 16000 he fans need to generate wind speeds of 67
m/s to meet reach the critical value turbulences fibw velocity indicates a very laminar
flow that is not even close to forming the boundasger, much less turbulence.

Pitot Tube Results.

Pitot-Tube vs. Pressure
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Fig. 17. Pitot Tube Data Represented by Volts aadvred by the Transducer.
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The data, collected by the Pitot tube (Fig 13),ntaned linear behavior until the

pressure reached 5 kPa when it became asymptdtithisAtime we do not know if the

asymptotic response is a “law” of this particulagthod or simply a characteristic of the

tube used in the experiment. Obviously, more tastneeded.

Furthermore, the linear nature of the responsecates that the sensor would

need very little calibration. Doctors Rygalov andh&ler (2008) suggest the introduction

of a correction that can be used before the umieEoyed.

Pc

UR=UC P

Where the “c” indicates quantities measured duthegcalibration phase at 101

kPa. Once this is correction is made, the unit @pkrate sufficiently.

In sum, the data indicates that the use of this@ewould be sufficient in the

environment in which we would operate it.

Dynamic Pressure Anemometer (Vane Anemometer)tResul

Vane Anemometer vs. Pressure
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o
o

20 40 60 80 100
kPa

< m/s, 061807
= m/s, 062007
— 2 per. Mov. Avg. (m/s, 062007)

Fig. 18. Raw Vane Anemometer Data Within Wide Raoigeressures ~ 1.0 kPa

and 101.3 kPa.
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Vane Anemometer vs. Pressure
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Fig. 19. Vane Data with Calibration Corrections Agg (correlation coefficient

R?=0.91).

The data presented clearly shows that this anensornseprofoundly affected by

the low pressure environment. Consequently, a coore must be applied in order to

improve the sensors ability to reliably operate.

In the theory chapter we derived an accurate, bgamly, calibration

modification (12). However, that correction contafriction and drag. Friction and drag

characteristics will not likely be constant, evethe same manufacturer used the same

production techniques for different individual ar@meters. This is a complication that

experimenters and operators would like to avoide”A$ome discussion, the following

correction is proposed (Rygalov & Wheeler, Air Qilation Under Reduced Pressures,

2008).

T
U="U, —(T")

——U
P, ™

47




Where

U= Flow velocity (M/S)

Up = Flow velocity during calibration

To= Calibration temperature (K)

T = Temperature (measured) (K)

P = Pressure (measured) (kPa)

Py = Calibration Pressure (kPa)

Umn = minimal detectable velocity (m/s)

When applied, the above calibration produced aataluin non-linear response
similar to the earlier formula (12).

Hot - Wire Anemometer Results.

The data, presented in Fig. 16, provides stronglese that our theoretical
derivation of the hot wire response is correct #rad stable linear behavior is seen across

most of the pressure range.

Hot-Wire Anemometer vs. Pressure
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Fig. 20. Hot Wire Data Under Different PressuresoDifferent Linear
Approximations for Two Air Circulation Rates
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rates

The data, as seen in Fig. 16, indicates a drandaiicease in response for the
sensor when atmospheric pressure drops below tige raf 7 kPa to 5 kPa. The sensor
failed to register any results below this point aeésed data collection. This happens
because the air density could no longer supporvexiion. Meaningful conduction has
stopped as well. In this low pressure area, onbjiateon remains and is the least
significant of all methods of heat exchange. Thaesfthe hot wire anemometer range of

response ends near 5kPa and below.
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CHAPTER V
IMPLICATIONS AND OVERALL CONCLUSIONS
Overall Conclusions

Despite the long history of Biospheric Sciences itill in its infancy. More data
is needed to better understand the internal relstips of Closed Ecological Systems.

The greenhouse system, when deployed, is similarnlti-cellular life form. It
needs to take in energy and dispose of waste pi®dTiais process, for the most part, is
regulated in the human body involuntarily. The braeceives signal data from the
environment through various chemical pathways ahelcts the appropriate responses to
keep the body functioning. Biospherics tells us {G&ES designers and operators must
conduct their work with these principles in mindeféhurkin, Somova, Gitelson, &
Huttenbach, 1996). If the brain does not receivaute data from the body’s sensors,
the body and the brain die. The greenhouse opeuatis the same conditions. If it does
not make adjustments to the environmental conditi@mergy intake, nutrient flow, heat
regulation, etc) it will fail to operate.

The failure of a greenhouse on Earth is an incoievee. Repair parts and new
plants can be easily gathered. Outside of the Bdbn system, this is a death sentence
for a human crew or settlers. All of the life formnsa CES, including humans, depend on
the stable functioning of all other organisms. Ehespporting organisms are, in turn,
regulated by the environment. Humans, and theinnelogy, are the only means of

regulating this environment in space or on anotharld. If control cannot be
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maintained, the environment and potentially soméeforganisms in that environment
fail (perish). As pointed out in the introductiothjs entire system is linked together.
Failure in one part of the ecosphere means faiturthe ecosphere itself.

The ability for a sensor to collect reliable dagarelated to the environment in
which it is placed. The operational principles drieus dynamic sensors are the
consequence of their construction (they operatthbyaws of classical mechanics). The
sensors operate well in “standard environments”reviibe laws of mechanics govern.
This is not the case when both the Mach and Regnoldmbers are low. In these
environments statistical mechanics dominate. Thesefdesigners and operators must
bridge the gap between physical and statisticahawecs.

We have shown that a few simple corrective formwdaplied to the existing
algorithms have a dramatic impact on data religbilThese formulas come from basic
physical principles (Bernoulli’'s Principle, Ideala& Law, Convective Heat Exchange,
etc) and are easily accessible to any designeperator. We have in effect started to
bridge the gap. Our efforts are but the first stepttempting to bridge the gap. We will
need to continue experimentation to get the bestl lef sensitivity and reliability
possible.

The alternative is “in-situ” calibration. This walbe inefficient and could place
the mission as well as, and more importantly, huthas in jeopardy. When operators
arrive on site, all of their equipment must be pexational condition to optimize their
chances of survival. In contrast, an off-world grMeeuse must be in operation before the
arrival of the operators. It is imperative that edintrol sensors are calibrated to the

environment before the greenhouse is deployed.
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In addition, these new calibration procedures alfavther experiments in this
area of research. In the past it was not possiblperform these calibrations. The
preferred method was multiple tests of multiplessega in the operational environment.
Data from one sensor was compared against anathénei hopes of finding initial
conditions that would provide best fit solutionsitithese new calibration algorithms
we removed a level of complexity and improved redeafficiency.

Managing heat transfer in the low-pressure enviremm(or Small Knudsen
Environment “SKE”) is still problematic. We predect an environment where the
transfer of heat, for the purposes of biologicahperature regulation, is a radiation
dominate environment. Our experiments are in ageeenvith our predictions. We failed
to detect any indication of heat or mass transt#enewith fans providing agitation. In

sum, no meaningful convection (free or forced) wated.

The operational conditions of the greenhouse redihiat the atmosphere inside
be rarefied. This presents various challenges famitars and operators. We tested three
sensors (Pitot tube, vane anemometer, and hot ameenometer) designed to measure
wind speed. Only the Pitot tube and hot wire showdithear response over most of the
range requiring little correction. The vane exleditthe greatest range of nonlinear
behavior and required extensive correctional algors. All non-dynamic (humidity,
pressure, and temperature) sensors presented leelfabctioning throughout the

procedure.

As stated above, we found that the correction fanst can be derived from
simple classical and fluid mechanics. This does megate the need for sensors that

operate on statistical mechanical principles. Faangple, Doppler and sonic sensors

52



show great promise in obtaining improved data resps in SKE. These sensors, as well
as use of statistical models, will improve our ustending of SKE. The more we
understand these exotic environments, the greaterclances of mission success and

survival.

In terms of dynamic monitoring and control of theahtransfer process, we see
that research and improvements need to continug@régent, the best sensors monitor
only small portions of the flow. This would requifelusters” of multiple sensors to be
added to the design. As pointed out previouslys thcreases overall mass and reduces
productive volume. The vane, which samples a lafigev area, is unreliable without
detailed and complex calibration and, thereforelirmited utility. These facts make the
current ideas about monitoring and control undbtertaNew methods need to be
developed. We conclude that the SKE is difficultégulate. We expect that the success
of greenhouse operations relies on a high levelammtervention. This conclusion is

unacceptable.

In addition, the Reynolds number shows that thes fapeded to generate a
turbulent flow in the greenhouse are too largepi@ctical consideration in a deployable
design. Even if we can achieve higher fidelity gmecision in monitoring, we still lack
the physical ability to replicate conditions thamndl to efficient and reliable heat transfer.
In light of these facts, much work is needed to imaze utility and mission success. The
system is currently not workable and new desigoesh(loperational and control) need to

be created.
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Based on the work presented here we present tHewinfj operational

conclusions:

1) We agree with Rygalov (2002), optimal presssraround 25 kPa. Operators
and experimenters are strongly advised not to ¢@apeenhouses below this pressure.
We simply do not have the ability, at this time eféectively monitor and hence, control

the system below this point.

2) Given the fan sizes required, we must find la@otvay to create turbulent
flow or reduce the amount of waste heat. In sunonaiinvestigations must continue if

this biosphere is to ever see deployment.
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