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Abstract 
 
 This paper investigates the design, fabrication, and testing of a laboratory scale 
snow making machine.  The machine uses liquid nitrogen to freeze atomized particles 
of water that are formed using compressed air.  The machine is capable of producing 
nine cubic feet of snow per hour with an efficiency of 1.3 pounds of nitrogen per pound 
of snow.  Snow density varies between 20 and 30 lbm/ft3 depending on the 
temperatures at which the snow is formed.  A mathematical model has been 
constructed that predicts the amount of nitrogen needed to produce a given amount of 
snow, along with the total cost of the snow. 
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Mechanical and Aerospace Engineering North Laboratory 
Stillwater, Oklahoma 74078 
December 8, 1999 
 
Jeffery D. Spitler, Ph.D, P.E. 
218 Engineering North 
Oklahoma State University 
Stillwater, OK 74078 
 
Dear Dr. Spitler: 
 
The laboratory scale snow making machine design team is pleased to present you with 
this report outlining the design, fabrication, and testing undertaken on the prototype 
snow machine.  The current prototype machine has met all of the requirements set forth 
by you at the beginning of this project.  These requirements for the snow machine were 
as follows. 
 

• Capable of producing 12 inches of snow per hour, corresponding to nine 
cubic feet. 

• Capable of producing good quality “dry snow”, free from slush, sleet, or any 
other non-crystalline form of water 

• Be designed, tested, and fabricated for under $3000.00 
 
The current prototype snow machine has exceeded these requirements.  As delivered, 
the snow machine utilizes liquid nitrogen to efficiently produce snow at a cost of about 
$0.26 per pound and at a ratio of 1.3 pounds of nitrogen per pound of snow.  This 
project has produced the following results. 
 

• Snow production has exceeded 16 inches of snow per hour. 
• The snow density can vary between 20 and 30 lb/ft^3, corresponding to 3.12 

and 2.08 inches of snow per inch of water respectively. 
• The total cost of this project has been $1737.16, roughly 58% of the allotted 

budget. 
 
The design team wishes to thank you for your technical and financial support for this 
project.  We wish you good luck with the future operation of this snow machine and the 
continued success of the Smart Bridge project. 
 
Sincerely, 
 
 
 
Brad Schultz, Team Member 
 
Mike Longwill, Project Team Leader 
Devin Thompson, Team Member 
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Background 
 
This paper details from problem definition to final design, the development of a 

laboratory scale snowmaking machine.  The problem centers around the need to test 
sensing equipment for the smart bridge research project, specifically, a snow-melting 
model. 

 
Complete Problem Statement 
 

The project sponsor, Dr. Spitler, and his research team are working on a smart 
bridge research project.  The group is examining the possibility of using ground source 
heating to warm bridge decks during winter months.  As part of the project, a computer 
model of how snow melts is being developed.  This model attempts to predict the snow 
melting process and its interaction with the bridge deck.  To test and validate this model, 
a heated slab will be used in a laboratory environment to observe the physical process 
of snow melting.  The problem is that there is currently not a technique available for 
producing snow in a laboratory scale environment 

 
Restrictions/Requirements 
 

The project is to produce a working device to deliver snow to a three feet by 
three feet by eight feet refrigerated chamber used to test the snow melt model.  The 
snow must be introduced to the chamber so as not to disturb the concrete heated test 
slab located in the bottom of the chamber. 
 

The final design must be able to produce nine cubic feet of snow in one hour.  
The snow must be dry and free from liquid water.  The device must be designed, built, 
and tested for well under $3000. 
 
Goals 
 

To satisfy the project requirements, the design team began by establishing goals 
that would help define the success of the design.  These goals, four in all, are: 
 

• Design, build, and test a fully functioning device capable of satisfying the 
requirements 

• Develop a model of the process based on thermodynamic principles 
• Keep the device and its operation as simple as possible 
• Remain well under project budget maximum of $3000 

 
The first goal of delivering a fully functional device was mandated by the project 

sponsor.  This goal is the first priority of the design team. 
 
 Modeling the system was developed as a goal so that the team could gain a 
better understanding of the processes involved.  The model serves to validate results 
the team obtains from testing various designs. 
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The deliverables turned over to the sponsor consist of a device to be operated 

manually.  While the design team may have 16 weeks of operational experience with 
the design and its operation, the device is to be delivered to another team with no 
operational experience with the snow machine.  Maintaining as much simplicity as 
possible was desired. 

 
Additionally, the design team attempts to keep the material considerations strictly 

off the shelf, from vendors most likely available in any market.  This allows the design to 
be duplicated in a variety of locations and settings. 
 

While the sponsor has allotted a budget of $3000 for the project, the problem 
statement specifies that it should be done for well under $3000.  The goal for the team 
is to meet all project requirements for under $2000. 
 
Deliverables 
 

The deliverables are the physical apparatus and accompanying technology 
turned over to the project sponsor at the completion of the project.  The deliverables 
consist of all working equipment and supplies, all computer code and programs, 
complete documentation on the device’s setup and operation, as well as all 
accompanying technical research carried out by the design team in support of the 
design development. 
 

The key physical components delivered are the nozzle array, control box, snow 
tower, snow holder, and exhaust tower, along with their supporting documentation. 
 

The nozzle array is the primary snowmaking tool, and one of the most critical 
components.  The array is constructed of 1/4" copper refrigeration tubing and delivers 
atomized water and liquid nitrogen to create snow.  A picture of the array can be seen in 
figure 01. 
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Figure 01.  Nozzle Array Installed in Snow Holder 

 
The control box, seen in figure 02, is the mixing station for the process and 

serves as the main control for the entire device.  Air and water streams are combined 
under pressure to produce atomized water particles.  The flow is monitored using 
variable area flow meters, commonly known as rotameters, and controlled using 
pressure regulators to establish the amount of flow through the system.  
 
 

Figure 02.  Front Face of Control Box 
 

The snow tower comprises the upper section of the snow machine as seen in 
figure 03.  The snow tower is constructed of TUFF-R foamboard, 1/2" thick, and 
constructed to have an inside area of three feet by three feet and an inside height of 7 
feet-11 1/2 inches. 
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Figure 03.  Snow Tower Made of ½” TUFF-R Foamboard.  Nitrogen can be seen 

leaving the exhaust vent. 
 

The snow holder serves as the collection area for snow produced.  It is 
constructed of 3/4" plywood and is partially lined with the same TUFF-R foamboard that 
the snow tower is constructed from.  The snow holder, with its liner, creates an inside 
area of thee feet by three feet and stands two feet tall. 
 

A computer model written in EES (Engineering Equation Solver) details the 
thermodynamic relations of the device.  The program serves as a prediction model for 
the working device, accepting inputs such as the flow rates of air and water.  The model 
returns the amount of snow produced as well as the amount and cost of nitrogen 
needed for that amount of snow. 
 

The last component of the deliverables is the documentation and operation 
procedures for the device.  This consists of an owners manual detailing the steps 
required to connect, setup, run, shutdown, disassemble, move, and otherwise operate 
the system.  Additional research data and notes used in the design development will be 
made available as well, for review of how certain specifications were arrived at.  
Information on how to use the computer model and the inputs required by the user are 
also given. 

 
Testing to Evaluate Solution 
 

Testing to evaluate the design and prototypes serves to answer the question, "how 
do you know when your goals are met".  Three areas of interest were identified for 
testing.  These areas as follows: 
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• Capacity 
• Quality 
• Repeatability 

 
As defined by the problem statement, the design must be capable of producing nine 

cubic feet of snow per hour.  This comes to a snow depth of one foot in the snow holder 
in one hour's time, a relatively high production rate.  Extensive testing to determine the 
design’s production capacity must be undertaken to ensure requirements can be met. 
 

Even if the design is capable of producing two feet an hour, it does no good if the 
result is not dry crystalline snow.  Snow and ice are both solid phases of water, but the 
two do not share similar property behavior.  Since the snow is to be used to validate a 
snow-melting model, it is tantamount to the sponsor’s research team that crystalline 
snow be formed.  Additional quality concerns include the amount of moisture left in the 
snow and the snow density. 
 
 The final area of interest for testing is the repeatability of results achieved, as 
well as independent verification.  The design team set a production target of two, one-
hour, production runs, each producing a minimum of nine cubic feet of snow.  This 
target was set to ensure that the design will function for an hour or more without a 
significant change in operation, while meeting required production levels.  If possible, 
the design team would like to have an independent third party operate the final design 
for a full one-hour production run, as a test of simplicity as well as repeatability. 

 
Process of Design /Selection 
 

The process of selecting a design began by researching the relevant 
thermodynamic relations as well as the technical literature.  Internet searches of 
companies in the commercial snow making business were conducted, along with patent 
investigations. 
 
Initial Research Phase 

 
Initial research began by searching through library resources to develop an 

understanding of the snow making process from a fundamental perspective.  Snow is 
produced commercially in a number of ways for a number of purposes. The design team 
needed to know how and why a water droplet transforms from a liquid into a snowflake.  
With an idea of how snow formation occurs, the design team began by defining relevant 
parameters for artificially producing snow.   
 

Relevant parameters examined involved phase change properties such as the 
latent heat of formation of water and latent heat of vaporization of cryogenic fluids.  
These relations were then examined to get an estimate of the cooling energy required to 
produce snow, without regard to what method would be used. 
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Technique, Concepts, and Selection 
 
With the basics of snow formation in hand, the team conducted patent and 

internet searches for processes currently employed.  This lead to several ideas for 
techniques that might work on a laboratory scale.   
 

Techniques of snow formation were evaluated for their cost and feasibility of 
working in a laboratory environment.  Some ideas examined were the direct expansion 
of a gas, mechanical refrigeration, the use of cryogenic fluids, and surface formation.  
Each of these concepts is explored in detail, weighing the advantages and 
disadvantages of each. 
 

Alternate Methods Evaluated Pros/Cons of Each 
 

From the insight gained through initial research, the team had a good idea of the 
cooling load required for the final design.  Four separate techniques for providing the 
necessary cooling load were considered and then evaluated for their strengths and 
weaknesses.  The four techniques evaluated are as follows: 
 

• Direct expansion of a gas 
• Mechanical refrigeration 
• Cryogenic fluids 
• Spray and scrape 

 
 
Direct expansion  
 

The first technique, as suggested by the sponsor, involves expanding air at high 
pressure through a nozzle to atmospheric conditions.  This pressure drop, in theory, 
would result in cooling sufficient to produce snow.  Water injected into the air stream, as 
it expanded through the nozzle, should freeze and form snow.  This technique was 
initially very attractive to the design team for its simplicity and cost.  Further analysis led 
to questions about actual performance versus theoretical predictions.  Ideal nozzling 
processes are isentropic, whereas ideal throttling processes are isenthalpic. The flow of 
air from high pressure to atmospheric pressure through a small orifice arguably can be 
considered either a throttling or a nozzling process. Argument over which assumption 
applies led to a simple test using instrument air at 110 psig expanded to atmospheric 
pressure.  The test showed a temperature drop of only 20 8F (100 8F to 80 8F).  The 
team decided this technique would not be efficient enough to supply the cooling load 
required.  
 
Mechanical Refrigeration 
 

Mechanical refrigeration was examined as a method of creating a chilled 
environment and then introducing water to form snow.  This technique was favored for 
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its ability to maintain an even temperature under load and for its reliability.  There is no 
shelf life for mechanical refrigeration.  Cryogenic fluids in comparison, will expand in 
their container and build pressure that must be bled  off the supply bottle, resulting in a 
loss of product.  Problems that were noted include the mobility of such a system and the 
cost prohibitive nature of mechanical refrigeration.  In building refrigeration systems for 
a specific purpose, compressors alone can cost more than $3000, an amount equal to 
the total budget.     
 
Cryogenic Fluids 
 

A cryogenic fluid is any liquefied component of air, such as Argon, Nitrogen, 
Carbon Dioxide, or Oxygen.  In their liquid state, these gases have very low boiling 
points.  As they are allowed to expand from a pressurized state, they incur a phase 
change from liquid to vapor and in so doing absorb large amounts of energy, known as 
latent heat of vaporization.  The large and rapid absorption of energy results in a cooling 
effect, with very large temperature gradients.  This large temperature gradient is what 
attracted the design team to cryogenic fluids.  Unlike mechanical refrigeration, a 
cryogenic fluid could bring water or air down to a temperature well below freezing in a 
matter of seconds, depending on the amount and type of fluid used.  Certain fluids like 
Nitrogen and Carbon Dioxide are inexpensive and easy to obtain.  Disadvantages stem 
from the shelf life as compared to a mechanical refrigeration or direct expansion of air.  
While not being used, the gas would  "boil off" resulting in loss of product.   
 
Surface Formation 
 

Initial research showed that, in very cold lab conditions, snow particles would 
grow and eventually fall from certain materials like rabbit fur and cotton, according to 
Kirk [4].  For this technique, a chilled surface would act as a nucleation surface for snow 
crystals to form and a mechanical (or manual) device would be used to scrape the 
surface and deposit the snow into a holding area.  Concerns over the molecular 
structure of particles formed from this technique were raised as well as the volume it 
would be capable of generating.  In addition, this technique still requires a chilled 
environment, and is therefore dependent on using one of the three other techniques. 
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Final Technique Decision 
 

A cryogenic fluid technique was selected as the cooling method of choice for the 
final design.  Cryogenic fluids and mechanical refrigeration were selected over surface 
formation and direct expansion as the only two techniques with realistic hopes of 
achieving design requirements.  The choice made between mechanical refrigeration 
and cryogenics hinged primarily on cost, system response and simplicity. 
 

While there are precautions that should be observed when using cryogenics, 
nitrogen was found to be very safe as it comprises 78% of air, is non-toxic, non-
corrosive, and non-flammable.  A local supplier was able to provide a price of $0.25 per 
pound of nitrogen.  A system using liquid nitrogen would have a very large cooling 
capacity, resulting in a fast response needed to freeze water into snow rapidly.  These 
benefits compared to the cost of building or buying a refrigeration system far 
outweighed any concerns over nitrogen use.  A mechanical refrigeration system would 
be far bulkier, more complex to maintain and move.  For these reasons, the final design 
called for the use of liquid nitrogen as the cooling technique to develop the snow 
delivery system. 
 
Prototype Development 
 

With the technique for snowmaking selected, the design team began an iterative 
testing phase aimed at developing the technique into a working solution of the problem.  
Early ideas centered on the use of a gun device to shoot the nitrogen and water 
together and blow snow out of a barrel.  The final concept involves the use of a 
temperature-controlled environment. 
 

Liquid nitrogen is kept under pressure from zero to 260 psig to help maintain the 
liquid state  The cooling method called for the liquid to be expanded, resulting in a 
relatively high exit velocity from whatever delivery system was chosen.  Several 
methods for delivering the nitrogen were considered. 
 

In its liquid form, nitrogen ranges from –200 °F to -320 8F, limiting material 
choices for handling.  Cryogenic line is cost prohibitive at a price of $18 per foot.  
Copper refrigeration tubing is capable of handling the low temperatures, and has the 
ductility to be shaped and formed into a variety of configurations.  
 

A gun device was designed to direct the high velocity nitrogen flow into a "barrel" 
where water could be introduced, also under pressure.  The water was mixed with 
pressurized air (shop air around 90 psig) to atomize the water into fine particles making 
them easier to freeze.  The resulting mixture would turn to snow and the residual 
velocity would carry the snow out the end of the barrel.  An early prototype of this device 
can be seen in figure 04. 
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Figure 04  Early Gun Type Prototyped Device 
 
 

Early tests produced small amounts of snow over a long time period, on the order 
of eight ounces for 10 to 20 minutes of operation.  While the technique was proven to be 
sound, a method to increase output needed to be developed.  Gun diameter and length 
were varied as well as the introduction techniques for the nitrogen and water, but 
satisfactory results were not obtained.  Observations made by the design team 
indicated that too much of the cooling energy was being lost to the environment and not 
being delivered to the water. 
 

The final design selected grew out of an extension of the gun type devices.  If the 
gun barrel was closed off, the cooling energy would not be lost as quickly.  A box was 
constructed from foamboard roughly two feet by two feet, standing approximately 8 feet 
tall.  The nitrogen and compressed air/water lines were inserted into the box and 
allowed to shoot vertically towards the ceiling of the box.  The box effectively becomes 
the gun barrel and provides for intimate mixing of the two streams, yet serves to reduce 
energy losses.  Immediate success resulted from this style of device and the decision 
was made to produce a full size prototype of the same dimensions as the final test 
chamber being built for Dr. Spitler. 
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Description of the Flows Through the Snow Machine 
 
 The basic principle behind the snow machine is quite simple;  “freeze small 
particles of water to form snow.”  The snow making process is thus accomplished in two 
steps.  The first step involves atomizing a stream of water into a high velocity mist using 
compressed air.  The next step is to freeze this mist using liquid nitrogen.  The entire 
process is carried out in four distinguishable sections that will be discussed below. 
 
 Water and compressed air enter the snow machine by passing through the 
control box.  The streams enter separately and do not contact each other until later in 
the process.  Two identical parallel paths (one for air, one for water) are present and will 
be discussed next (see figure 14).  Both paths are piped using 5/16 inch copper tubing.  
The flow description applies to both the air and water streams.  The flow first passes 
through a gate valve (see figure 6), used to turn the flow on or off (the gate valve is not 
intended to be a throttling device).  The flow then passes through a pressure regulator, 
used to adjust the pressure until the desired flow rate is obtained.  Once the flow passes 
through the pressure regulator, it is sent through a variable area type flow meter located 
on the front face of the control box (see figure 05).  Adjacent to the flow meter is a 
pressure indicator that displays the injection pressure of the given stream.  After leaving 
the flow meter, the flow passes through a needle valve used to throttle the stream 
before it enters the mixing tee (see figure 07).  It is in the mixing tee that the water and 
air streams meet.  The differential pressure of the air and water steams (the air stream 
is usually 5 to 10 psi higher in pressure than the water stream) is utilized to create a 
very fine water mist. Three separate mixing tees are used.  Each tee can be tuned to 
produce a variety of air/water mixes.  The air/water mix exits the mixing tee and passes 
through a ¼ inch copper tube to the nozzle array.  Three separate copper tubes are 
present, one for each of the three mixing tees. 

 
 
 

 
Figure 05.  Air and Water Flow Meters with Pressure Indicators.  Air (left) and 

water (right). 
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Figure 06.  Gate Valve and Pressure Regulator Adjustment Knob.  This 

arrangement is the same for both air and water streams 
 

 
Figure 07.  Mixing Tee Located at the Bottom of the Control Box 
 

 
Figure 08.  Transfer Line Outlets.  Nozzle outlets from the control box going to the 
nozzle array.  The brass fittings are ¼ inch compression unions 
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       The nozzle array accepts the air/water mix from the control box along with the liquid 
nitrogen from the supply bottle.  The center of the array houses the three atomizing 
water injection nozzles.  The three injection nozzles are placed 120 degrees apart in an 
imaginary circle, approximately 14 inches in diameter.  The tips of each nozzle are bent 
45 degrees from the vertical and are pointed towards the center of the circle (see 
figures 10-12).  The streams of each nozzle are then made to intersect, effectively 
meeting at a focal point located approximately six inches from the base of the nozzle 
array.  As the three compressed air and water steams strike each other, they help to 
further atomize the water particles, canceling horizontal velocity components, resulting 
in a very fine vertically flowing mist.  Two liquid nitrogen injection nozzles are used, 
located near the edge of the array away from the air/water injection nozzles.  This helps 
minimize ice formation on the nitrogen lines due to stray water particles present within 
the injection perimeter (the 14 inch imaginary circle).  The nitrogen enters the array on 
the side opposite the air/water mix.  The nitrogen travels directly from the supply bottle, 
through a ¼ inch copper tube, and into the nozzle array (see figure 13). 
 

 
Figure 09.  Nozzle Array Connected to Transfer Lines  
 
 The nozzle array sits on a ½ inch lip formed by the TUFF-R foamboard on the 
inside of the snow holder (see figure 09).  The nitrogen exits its injection nozzles as a 
vaporizing liquid.  Approximately six inches downstream of the injection point, the 
nitrogen is completely vaporized, evident by the resulting white cloud.  The water mist is 
also moving upward, mixing with the nitrogen along the way.  Eventually, the nitrogen 
and water mist strikes the top of the snow tower and begins to move downward.  As the 
water mist descends, it completes its freezing process and falls into the snow holder 
section, where it accumulates as snowfall. 
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Figure 10.  Side View Drawing of the Nozzle Array Standing on End (all 

dimensions in inches) 
 
 
 

 
 
Figure 11.  Top View Drawing of the Nozzle Array (all dimensions in inches) 



 

 

 
 
Figure 12.  Th
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Figure 13.  Nitrogen Bottle Connected to the Nozzle Array.  The nitrogen inlet is 

on one side of the snow holder, while the air/water inlet is on the 
opposite side 

 
The nitrogen eventually exits the snow tower through a four inch diameter tube 

located 20 inches from the base of the snow holder (see figure 16).  By placing the 
exhaust tube towards the bottom of the snow tower, the snow machine is able to better 
utilize the nitrogen by rejecting the higher temperature exhaust.  The exhaust tube 
directs the exhaust gas flow into the exhaust tower.  The exhaust tower is a two feet by 
two feet by eight feet tall chamber designed to act as a water separator.  The exhaust 
tower’s primary purpose is to separate the entrained water from the exhaust stream.  
This allows “dry” nitrogen gas to be rejected to the room, preventing the messy 
accumulation of water on the floor.  The exhaust tower is also used to control the back 
pressure on the snow tower.  Some back pressure is desirable because the snow tower 
will expand outward, sealing any leakage in the system.  The exhaust tube enters the 
exhaust tower 20 inches from its base (the tube is horizontal between the snow tower 
and exhaust tower).  The exhaust (composed of nitrogen gas, air, and entrained water) 
is forced upward, allowing the water to separate and fall to the bottom of the tower.  The 
“dry” nitrogen gas then leaves through a four inch diameter hole located 72 inches from 
the base of the exhaust tower. The complete snow machine can be seen in figures 15, 
17, and 18. 

 
 



 

 

 

Figure 14.  Flow Diagram of the Water Atom

 
Needle Valve
r
Flow Mete
To Nozzle 
To Nozzle 
To Nozzle 
 
ization

Pressure 
Regulator

e
Gate Valv
From Water 
From Air 
16

 System 



 

 17

 
Figure 15.  Snow Machine Viewed from the Nitrogen Side.  The operator stands by 

the bottle to throttle the nitrogen 
 
 

 
Figure 16.  Exhaust Tube Connecting the Snow Tower and the Exhaust Tower 
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Figure 17.  Removal of the Snow Tower from the Snow Holder  

 
Figure 18.  Snow Machine Operator Throttling Nitrogen Flow.  To control the 

temperature in the snow tower, the operator is also monitoring the 
exhaust temperature and the temperature at the snow tower mid-
height. 
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Mathematical Model of the Snow Machine 
 
 The mathematical model of the snow machine attempts to provide a link between 
the theoretical process of snow formation and the actual process that occurs within the 
snow tower section of the snow machine.  The results obtained from the model help the 
operator determine the following things. 
 

• The efficiency of the snow machine.  By comparing the actual snow 
production of the snow machine with a theoretical value for the production, 
the operator can gain a better sense of how well the machine is operating. 

 
• The amount of nitrogen needed for a production run.  This allows the operator 

to have the required amount of nitrogen present to make a predetermined 
amount of snow. 

 
• The cost of the snow.  The price of nitrogen may change over time.  The 

model will allow the operator to evaluate how a change in the cost of nitrogen 
effects the cost per pound of snow. 

 
• Relative effects of certain input parameters.  For example, how does a ten 

degree increase in inlet water temperature effect the amount of nitrogen 
needed to produce 100 pounds of snow?  The computer model can answer 
this question and many similar to it. 

 
The model was constructed by applying an energy balance to the snow tower section 
(1st law of Thermodynamics).  The amount of energy needed to freeze a given mass of 
water was equated to the amount of energy absorbed from boiling liquid nitrogen.  The 
concept is quite simple, given the following assumptions: 
 

1. The snow tower is operating under steady state conditions.  The 
accumulating mass of snow in the snow holder was assumed to not effect the 
formation of snow in the snow tower. 

 
2. The snow tower is adiabatic (the heat flux through the walls of the snow tower 

is discussed later and is found to be negligible, validating this assumption). 
 

3. The water vapor present in the compressed air supply is neglected.  Air is 
treated as an ideal gas. 

 
4. The snow tower is at a constant, uniform temperature. 

 
5. All exhaust gases are at a constant temperature, equal to the temperature in 

the snow tower. 
 

6. Any entrained water vapor in the exhaust is at a constant 32 F. 
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Assumption number one is valid simply because the flow of air and water into the 
chamber remain constant during operation.  The flow of nitrogen will not be constant 
during operation, because the operator will throttle the flow to maintain the snow tower 
temperature.  It is a valid assumption (as shown by operational data) that the 
temperature tends to oscillate about the set point temperature, implying that the flow of 
nitrogen also oscillates symmetrical about some average flow.  If averaged over time, 
this flow is also then constant.  The table below illustrates how the snow tower 
temperature varies over a twenty-minute production run (see table 01). 
 
Table 01.  Variation of the Snow Tower Temperature Over Time 
 
 

 
 

Assumption number two is also valid.  Calculations have shown that the heat flux 
through the walls of the snow tower is approximately 700 to 750 BTU/hr (given a 72 F 
room temperature and a 15 F snow tower temperature).  This is only 2% of the energy 
transferred in the snow tower, given a typical 38,000 BTU/hr nitrogen demand. 
 Assumption number three is validated by considering the magnitude of the water 
vapor created by the injection system, as compared with the small amount present in 
atmospheric air.  It would be unreasonable to assume that this small amount of vapor 
could even be accounted for through the system.  Assumption number four is the worst 
assumption made in this model.  Operational data shows that a fairly large temperature 

Time (min)

Snow 
Tower 

Temp (F)

0 50.4
1 21.9
2 19.4
3 17.8
4 21.7
5 22.1
6 22.5
7 24.8
8 19.9
9 16.7
10 16.0
11 16.2
12 17.4
13 19.7
14 18.3
15 15.1
16 13.5
17 13.8
18 12.6
19 14.2
20 11.7
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gradient exists within the snow tower.  The operator is advised to run the model based 
on the temperature used to throttle the nitrogen. 
 
 Assumption number five is quite good, as shown by the experimental data below.  
Notice the exhaust tower temperature is fairly constant (see table 02). 
 
Table 02.  Exhaust Tower Temperature vs Snow Tower Temperature 
 

 
 
 Assumption number six is a good estimation, as long as solid water particles are 
not leaving with the exhaust steam.  This is also validated by the so called “rag test”.  If 
snow forms on a cloth rag placed in the exhaust stream, then the water vapor present 
must be at 32 F. 

Time (min)

Exhaust 
Tower 

Temp (F)

Snow 
Tower 

Temp (F)

0 51.0 50.4
1 14.0 21.9
2 15.0 19.4
3 12.0 17.8
4 17.0 21.7
5 17.0 22.1
6 19.0 22.5
7 19.0 24.8
8 16.0 19.9
9 13.0 16.7
10 13.0 16.0
11 12.0 16.2
12 13.0 17.4
13 15.0 19.7
14 17.0 18.3
15 14.0 15.1
16 13.0 13.5
17 13.0 13.8
18 12.0 12.6
19 13.0 14.2
20 12.0 11.7
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 There are ten inputs to the computer model.  Each of the inputs will be discussed 
in detail. 
 
1. Water Flow Rate:  the flow of water into the snow machine is set  by the operator 

and can be read using the flow meter on the control box.  For convenience, units of 
gallons per minute (GPM) are required.  This flow rate will remain constant during 
the operation of the machine. 

 
2. Air Flow Rate:  the flow of air into the snow machine is also set by the operator as a 

function of the water flow rate.  This value is read using the flow meter on the control 
box.  The flow rate of air will remain constant during the operation of the machine. 

 
3. Internal Temperature of the Snow Tower:  this is the temperature that will be used 

by the operator to throttle nitrogen into the snow tower.  It will be read using the RTD 
temperature probe or thermocouple located in the middle section of the snow tower. 

 
4. Liquid Nitrogen Injection Pressure:  this is the pressure of the liquid nitrogen 

supply.  A pressure gage is present on the supply bottle, allowing the operator to 
obtain this value.  For convenience, units of psig will be used. 

 
5. Inlet Water Pressure:  this is simply the pressure of the supply water, as read from 

the water pressure indicator located on the front face of the control box.  Units of 
psig are also used. 

 
6. Inlet Air Pressure:  this is simply the pressure of the supply air, as read from the air 

pressure indicator on the front of the control box.  Units of psig are used. 
 
7. Inlet Water Temperature:  this is the temperature of the inlet water steam to the 

control box.  No permanent instrumentation is provided to obtain this value, though a 
reasonable estimate can be obtained using a thermometer. 

 
8. Inlet Air Temperature:  this is the temperature of the inlet air steam to the snow 

tower.  A digital thermometer will be provided to determine this temperature.  The 
thermostat on the room’s HVAC system can also be used to obtain this value. 

 
9. Cost of Liquid Nitrogen:  this is the cost per pound of liquid nitrogen, as obtained 

from the supplier. 
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10.  Water Slip Factor:  Is defined as the fraction of the inlet water flow that is entrained 
in the exhaust stream.  This value can’t be measured prior to a production run and is 
purely based on empirical data.  Based on past performance, a slip factor of 0.075 
(corresponding to 7.5% slip) can be assumed.  The slip factor does not affect the 
calculations performed to determine the amount of liquid nitrogen required to 
produce a desired amount of snow. 

 
 

The model is written using EES (Engineering Equation Solver), a non-linear equation 
solver with built in thermodynamic functions.  The EES program file may be found in 
appendix C.  The first step performed by the model is to convert all of the input units into 
a standard set of units so that calculations can be performed.  The model then 
determines the temperature of the liquid nitrogen, based on its pressure and quality 
(quality is zero, given its saturated liquid condition).  The enthalpy change of the 
nitrogen in the snow tower is then calculated.  The cooling comes from the absorption of 
heat necessary to induce the phase change, as well as the sensible heat transfer from 
the cold nitrogen gas that results.  The refrigeration energy of the liquid nitrogen is thus 
calculated using the following equation. 
 
 (1) 

      

 
The total energy demand of the system (determining how much liquid nitrogen will be 
required) is calculated using the following equation. 
 
 (2) 
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The results of equation’s (1) and (2) are then used to calculate the amount of liquid 
nitrogen required. 
 
 (3)  

 
 
The total Energy Demand has units of BTU/hr and the Refrigeration Energy of the liquid 
nitrogen has the units of BTU/lbm, resulting in the lbm/hr of nitrogen required.  The 
amount of snow produced is estimated as a function of the water slip factor. 
 
 (4)  
 

 
 
The total cost of the desired amount of snow is simply calculated using the following 
equation. 
 
 (5)  

 
 
A dimensionless performance ratio is also calculated and is called the “snow ratio”. 
 
 (6)  

 
 
 
The snow ratio is typically between 1.1 and 1.5, varying as a function of the water slip 
factor.  As the value of the snow ratio decreases, the efficiency of the snow machine 
increases.  The reader should keep in mind that the six equations given are the major 
equations used in the model.  Several other parameters of interest are calculated that 
are not of direct use to the snow machine operator.  These other parameters are 
calculated to display the costs associated with each input parameter. 
 
 The mathematical model has proven to be very accurate when compared to data 
taken from actual snow production runs.  Table 03 was created based on the data from  
one hour of snow production and the results obtained from the EES model. 
 

Energyn frigeratioRe
DemandEnergy  Nitrogen  ofAmount =

)1(  Produced Snow SlipFactormwater −=

Nitrogen) of Poundper  (Price * )Nitrogen  of(Amount  Cost =

ProducedSnow
sedNitrogen U Liquid ofAmount   Ratio Snow =
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Table 03.  Comparison of EES Model with Actual Data 
 
   

 
 
 As shown, the EES model of the Snow Tower is very good at predicting the 
amount of nitrogen needed to produce a given amount of snow. The main weakness of 
the model is the estimation of the water slip factor.  The amount of water that is 
entrained in the nitrogen exhaust is very hard to predict quantitatively and can only be 
estimated based on data taken from actual snow productions runs.  Therefore, the value 
of the snow produced, obtained from the EES model, should be viewed as a rough 
estimate only.  However, the nitrogen to snow ratio is not affected by the water slip 
factor and can be used with confidence by the snow machine operator.   

Nitrogen Snow Nitrogen to Snow
(lbm) (lbm) Ratio

Computer Model 231 170 1.36
Actual Data 221 185 1.2
% Difference 4.4% 8.2% 13.3%
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Cost Comparison of Carbon Dioxide and Liquid Nitrogen 
 
 The project sponsor, Dr. Spitler, suggested early in the project that solid carbon 
dioxide (“dry ice”) would be the best choice for providing the cooling necessary to 
produce the volume of snow required.  The EES computer model (see appendix E) of 
the snow tower was modified to include the cost of producing a specified amount of 
snow using either liquid nitrogen or carbon dioxide. 
 
 The same sets of equations were used as discussed earlier in the report.  The 
properties of carbon dioxide were entered into the model along with its cost per pound.  
The cost of carbon dioxide was set at $0.50 per pound (the lowest price found, at Wal-
Mart) and the cost of liquid nitrogen was set at $0.26 per pound, the price as charged by 
the nitrogen supplier (Stillwater Steel & Supply). Figure 19 was generated using the 
EES model data. 
 

 
Figure 19.  Cost Comparison of Dry Ice vs. Liquid Nitrogen 
 
Figure 19 clearly shows that liquid nitrogen is the better choice on the basis of cost.  It 
should be noted that as more snow is desired, the cost gap between liquid nitrogen and 
dry ice begins to grow.  The more snow that is desired, the more cost effective liquid 
nitrogen becomes. 
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 Several other reasons exist that make dry ice a poor choice for the snow making 
process.  A brief list is given below. 
 

• Additional equipment would be needed to transfer the heat from the atomized 
water to the dry ice.  The machine would not be able to utilize a turbulent 
mixing process and would require the installation of a fan to circulate the 
sublimated gas into the snow tower.  Additional equipment would result in 
higher initial costs for the system. 

 
• The ability of the system to provide a rapid drop in temperature would be 

limited.  Using liquid nitrogen, the operator would be able to rapidly inject the 
cryogenic fluid if the temperature in the snow tower section exceeded the 
freezing point.  It is doubtful that a fan type circulation system could produce 
the same results. 

 
• The dry ice would have to be physically placed into some type of 

chamber to be exposed to the circulation system.  This is a safety concern 
because dry ice is at –109 F.  Liquid nitrogen would never have to be 
handled, resulting in a lower possibility of cryogenic type injuries. 

 
 

To summarize, dry ice is more expensive and more dangerous than liquid 
nitrogen.  The initial cost of a snow making system using dry ice would be higher due to 
the need for additional equipment.  Due to these reasons, liquid nitrogen is an 
overwhelmingly better choice than carbon dioxide.   
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Effects of Input Parameters on Snow Machine Performance 
 
 The performance of the snow machine is best described using the “snow ratio” 
as given by equation (6).  Several parameters effect this ratio to some extent.  Each of 
these parameters will be discussed, along with their contribution to the efficiency of the 
snow machine. 
 
 The temperature of the inlet air has the least effect on the snow ratio.  According 
to the EES model, the sensible load required to cool the inlet air is less than 0.55% of 
the load required to freeze the water.  For this reason, no additional effort should be 
made to pre-cool the inlet air.  The operator is thus free to set the inlet airflow as high as 
desired, so long as the atomization of the water is within bounds. 
 
 The ambient conditions of the room, including temperature, atmospheric 
pressure, and relative humidity, also have little effect on the snow ratio.  The walls of the 
snow chamber are well insulated, making the heat flux negligible when compared to the 
amount of heat transfer from the atomized water to the vaporizing nitrogen.  Changes in 
atmospheric pressure are not large enough to effectively change the pressure of the 
vaporizing nitrogen in the snow tower.  Relative humidity is of no concern to the snow 
formation process when cryogenic fluids are being used.  Relative humidity is only a 
factor when the snow maker is attempting to use ambient conditions to freeze water 
(much like a “ski resort” type snow making system).  In a cryogenic snow making 
system, the water is rejecting heat to the cryogenic fluid, not the ambient air.  Relative 
humidity thus has little effect and is even absent from the EES model. 
 
 The pressure of the inlet air and water steams also has no effect on the snow 
ratio.  Inlet air properties can be neglected as shown above.  Since water is an 
incompressible fluid, an increase (or decrease) in injection pressure results in little 
change in its properties. 
 
 The pressure of the liquid nitrogen has a large impact on the snow ratio.  As the 
pressure of the liquid nitrogen increases, its temperature also increases.  Higher 
temperature liquid nitrogen will obviously absorb less heat from the water than lower 
temperature liquid nitrogen, thus causing the snow ratio to increase. The operator 
should keep the liquid nitrogen injection pressure as low as possible.  The problem is 
that a certain amount of pressure (usually 100 to 120 psig) is required to keep the liquid 
nitrogen flow high enough to ensure that all of the injected water will freeze.  Therefore, 
a trade-off exists between liquid nitrogen injection pressure and operating temperature.  
Table 05 illustrates the effects of nitrogen pressure on the snow ratio. 
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Table 04.  Effects of the Inlet Water Temperature on the Snow Ratio 

 
The parameter that has the most influence on the snow ratio is the temperature 

of the inlet water stream (see table 04).  As this temperature increases, more liquid 
nitrogen is required to sensibly cool the water to its freezing point.  All attempts should 
be make to use the lowest temperature water possible.  In fact, most efficiency 
enhancements for this snow machine would be concerned with chilling the inlet water to 
near its freezing point.  On a typical snow production run, with a water inlet temperature 
of 72 F, over 22% of the liquid nitrogen consumed goes to cooling the inlet water stream 
to its freezing point.  
 
Table 05.  Effects of the Nitrogen Bottle Pressure on the Snow Ratio 
 
 

Nitrogen Bottle 
Pressure (psig) Snow Ratio

30 1.21
45 1.22
60 1.22
75 1.23
90 1.24
105 1.24
120 1.25
135 1.26
150 1.26
165 1.27
180 1.27
195 1.28
210 1.29
225 1.29
240 1.3

Inlet Water 
Temp (F) Snow Ratio

35 1.01
39 1.04
44 1.06
48 1.09
52 1.12
56 1.15
61 1.18
65 1.21
69 1.24
74 1.27
78 1.30
82 1.33
86 1.36
91 1.38
95 1.41



 

 

In summary, the snow machine will operate with the lowest snow ratio (highest 
efficiency) when both the liquid nitrogen pressure and inlet water temperature are 
minimized.  All other parameters have a negligible effect on the snow ratio.  The 
operator also has a large influence on how efficient the snow making process is.  If the 
temperature of the snow tower is not maintained at the set point temperature, large 
inefficiencies will result.  The temperature is controlled manually by throttling the flow of 
liquid nitrogen into the chamber through a valve on the supply bottle.  There is a 
tendency for inexperienced operators to overcompensate the nitrogen flow as the 
temperature begins to deviate from the set point.  Large fluctuations in temperature 
usually require that more nitrogen be used than necessary (especially if too much 
nitrogen is injected causing the temperature to drop rapidly).  Therefore, the efficiency 
of the snow machine in a large part depends on how experienced the operator is.   
 
 Figure 20 summarizes the performance of the snow machine.  This plot is the 
same one used by the snow machine operator to set the input parameters to produce 
the snow desired. 
 

 
Figure 20.  Snow Machine Operating Parameters. 
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Mathematical Model of Energy Loss from the Snow Tower and Holder 
  

One of the assumptions made in the construction of the EES model of the snow 
machine is that the snow tower is adiabatic.  In order to quantify just how valid this 
assumption is, a model was constructed (see appendix F)of the heat transfer due to 
convection and conduction through the surfaces of the snow tower and snow holder.  
The main objective of this model is to calculate the amount of nitrogen needed to store 
a batch of snow in the snow holder for a given amount of time. Ultimately, this model is 
very good at providing an estimate to the relative magnitude of energy losses to the 
environment. 
 
 The energy loss calculations made in this model will apply to the time directly 
after snow production ceases, to just before any of the snow is removed or used for 
testing.  During this time, the exhaust tube will be removed and replaced with a four-
inch plug.  Nitrogen will be injected as needed in order to maintain the interior 
temperature of the snow tower between 15°F and 20°F.  All exhaust will be vented 
directly to the atmosphere through a ¾ inch diameter vent hole, located near the top of 
the snow tower.   
 
 In order to simplify the analysis, steady state heat transfer will be assumed.  
Thermal networks will be utilized to define a thermal resistance for each surface of 
interest.  Only conduction and convection heat transfer will be used in the analysis.   
 
 Four surfaces have been identified on the snow machine with enough properties 
in common to create a thermal network.  These four surfaces are described below.  All 
unit resistance values given below have the units  
(hr * ft^2 * °F/ BTU). 
 
• Roof of the Snow Tower:  This is the very top of the snow machine. 
 

Total Area = 9 ft^2 
Outer Layer = ½ inch Tuff-R foam board  (R = 4.0) 
Inner Layer = One inch of Styrofoam (R = 3.57) 
Unit Conduction Resistance =  7.57  
 

Tchamber         Tambient 

  RIH  Rroof, cond   REH 
 
 
RIH = Convection resistance of the interior horizontal surface 
Rroof, cond = Conduction resistance of both layers of the roof 
REH = Convection resistance of the exterior horizontal surface 
Tchamber = Temperature of the interior of the Snow Tower 
Tambient = Temperature of the ambient air 
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• Vertical Walls of the Snow Tower:  All four sides of the snow tower. 
 

Total Area = 72 ft^2 
Outer Layer = ½ inch Tuff-R foam board (R=4.0) 
Unit Conduction Resistance = 4.0  

 
Tchamber         Tambient 

   
  RIV        RVWST   REV 
 
 
RIV = Convection resistance of the interior vertical surface 
RVWST, cond = Conduction resistance of the vertical walls of the snow tower 
REV = Convection resistance of the exterior vertical surface 
 
• Floor of the Snow Holder:  Very bottom of the snow machine. 
 

Total Area = 9 ft^2 
Outer Layer = ¾ inch plywood (R = 0.935) 
Inner Layer = One inch of Styrofoam (R = 3.57) 
Unit Conduction Resistance = 4.505  

 
Tsnow    Tground 

  Rfloor, cond  
 
 
Rfloor, cond = Conduction resistance of both layers of the floor 
Tsnow = Temperature of the snow 
Tground = Temperature of the ground 
 
 
• Vertical Walls of the Snow Holder:  All four sides of the snow holder. 
 

Total Area = 24 ft^2 
Outer Layer = ¾ inch plywood (R = 0.935 ) 
Inner Layer = ½ inch Tuff-R foam board (R = 4.0) 
Unit Conduction Resistance = 4.935  

 
Tsnow       Tambient 

       
  RVWSH      REV 
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RVWSH = Conduction resistance of the vertical walls of the snow holder 
REV = Convection resistance of the exterior vertical “plate” 
The following table summarizes the total conduction resistance for the four surfaces 
listed above (Total Resistance = Unit Resistance / Area) 
 
Table 06.  Total Conduction Resistance for Each Surface 
 
Surface Name     Total Resistance (hr * F/  BTU) 
Roof of Snow Tower    0.1039 
Vertical Walls of Snow Tower   0.0556 
Floor of Snow Holder    0.5006 
Vertical Walls of Snow Holder   0.2056 
 
The values listed in table 6 are considered to be constant.  The accumulation of snow 
on the sides of the chamber will be ignored, in order not to underestimate the energy 
loss by assuming a thickness of snow on the walls.  This will allow a more conservative 
estimate of the energy loss.   
 
 Many challenges exist in the calculation of heat transfer due to convection.  One 
must first determine the film coefficients for the given conditions.  The calculation of film 
coefficients requires that the surface temperatures be known.  The surface 
temperatures must be measured experimentally and will change depending on the 
ambient temperature, interior snow tower chamber temperature, and ground 
temperature.  The calculated film coefficients thus only apply to the conditions from 
which they were determined.  To aid in the calculation of the film coefficients, an 
experiment was performed on the snow tower.  During this experiment, the snow tower 
temperature was kept near 20°F, while the interior and exterior surface temperatures of 
the snow tower, along with the ground temperature and ambient temperature, were 
recorded.  These temperatures were measured using thermocouples in conjunction with 
an ice bath reference.  The interior and exterior surface temperatures were acquired by 
installing two thermocouples inside a removable foam board access panel located at 
mid-height on the snow tower, in contact with the foam board skin.  The procedure 
involved removing a small section of the insulating foam and inserting the thermocouple 
in the cavity.  A foam plug was carefully placed back into the cavity making sure that the 
thermocouple did not puncture the surface skin.  The ground temperature thermocouple 
was placed centrally underneath the snow holder, in contact with the concrete slab floor 
of the lab.  
 
 All three thermocouples were then wired into a multi-position switch that allowed 
the operator to sample each thermocouple at regular intervals.  A voltmeter was used to 
read the emf produced from each thermocouple.  Thermocouple tables (referenced to 
an ice bath) were then used to calculate the temperature as a function of output voltage 
as given in the Omega Temperature Handbook [5].   
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The following data in Table 07 displays the results of the experiment performed 
to determine the interior and exterior surface temperatures.  The experiment began one 
minute after the completion of a one hour snow production run.  About eight inches of 
snow (corresponding to six cubic feet) were present in the snow holder at the time.   

 
Table 07.  Results of Surface Temperature Data Collection 

 
 

Inspection of Table 07 shows that the surface temperatures were almost 
constant during the 34 minute test.  This further helps justify the steady state 
assumption.  The next step taken was to use the data collected to calculate the film 
coefficients. 
 
 It was assumed that free convection would be the best choice in order to 
calculate the film coefficients.  This was assumed for the following reasons: 
 

• Exterior:  the snow tower is located inside of a temperature controlled room.  
Very low air velocity would exist in such a room.  

 
• Interior:  the nitrogen inside of the snow tower is only moving during an 

injection.  Since injections are done infrequently (once every 8 minutes), free 
convection would be the correct choice.   

  
Incropera and Dewitt [3] suggest that when the ratio of the Grashof number to the 

Reynolds number is much greater than one, free convection can be assumed.   

Time Ambient Interior Snow Tower Outer Surface Inner Surface Ground
(minutes) Temp (F) Temp (F) Temp (F) Temp (F) Temp (F)

0 75.0 19 64.1 41.5 62.8
2 75.0 17 63.7 42.6 62.7
4 75.0 18 62.7 44.3 62.6
6 75.0 20 62.9 45.9 62.7
8 75.0 19 63.5 44.1 62.6
10 75.0 17 63.7 44.6 62.7
12 75.0 19 63.4 45.8 62.6
14 75.0 20 63.5 46.6 62.6
16 75.0 19 63.9 45.5 62.6
18 75.0 20 63.7 46.3 62.5
20 75.0 20 63.9 45.7 62.5
22 75.0 20 64.1 46.4 62.5
24 75.0 19 63.8 45.3 62.5
26 75.0 19 63.9 46.2 62.5
28 75.0 21 64.0 47.0 62.5
30 75.0 20 64.3 46.0 62.4
32 75.0 20 64.3 46.6 62.4
34 75.2 19 64.1 45.9 62.4
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The greatest velocity in the lab is estimated to be about 40 ft/min (based on an 
approximation 10 feet from the outlet exhaust duct).  The velocity inside of the snow 
tower is zero while the snow is being stored (ignoring the brief amount of time when the 
nitrogen is injected).  A velocity of 40 ft/min in air @ 75 F corresponds to a Reynolds 
number of 25,375.  Under the same conditions, the Grashof number is 1.0897 * 10^10. 
When the ratio given in equation (7) is calculated, the result is 4.29*10^5 (a number that 
is obviously much greater than one).  This brief calculation helps support the argument 
that free convection should be assumed. 
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The following correlations were taken from Incropera and Dewitt [3] and apply to free 
convection.  The following non-dimensional numbers are used in the correlations. 
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For a vertical surface in free convection (corresponding to the vertical interior and 
exterior surfaces of the snow tower and snow holder), the following correlation is 
suggested by Incropera and Dewitt [3]. 
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For the lower horizontal surface of a cooled plate (corresponding to the interior of the 
roof of the snow tower), the following correlation is suggested. 
 

(14) 3
1

15.0 RaNu =  
 
For the upper horizontal surface of a cooled plate (corresponding to the exterior of the 
roof of the snow tower), the following correlation is suggested. 
 

(15) 4
1

27.0 RaNu =  
 
 
Once the Nusselt numbers are calculated from the correlations given above, the film 
coefficient is obtained from the following equation. 
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In order to use the equations given above, various thermophysical properties of the fluid 
in question (in this case air for the exterior, nitrogen for the interior) must be obtained.  
The temperature reference for these properties is called the film temperature.  The film 
temperature is defined by the following equation. 
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The properties of air and nitrogen are given at a range of temperatures by Incropera 
and Dewitt [3] and are listed in table 08. 
 
Table 08.  Thermophysical Properties of Air and Nitrogen 
 

 
 
 
Since the thermophysical properties listed above are a function of the film temperature, 
it is necessary to obtain a different set of values when either the ambient temperature or 
the surface temperature changes.  This will then cause the film coefficients to change.  
The energy loss model allows the user to input all necessary temperatures and 
thermophysical properties needed to calculate the film coefficients.  The reader is 
encouraged to run the model to get a better understanding of how these values are 
used to determine the film coefficients. 
 
 The film coefficients are used to calculate a unit resistance from the following 
equation. 
 

   (18)            
h

R 1=  

 
 
The unit resistance is then converted to a total resistance by dividing by the surface 
area.  Table 09 below shows the total resistance for conditions where the air film 

Exterior Interior
Film Temp = 55 F Film Temp = 13 F

Density (lbm/ft^3) 0.0766 0.0806
Specific Heat (BTU/lbm*F) 0.2405 0.2489
Kinematic Viscosity (ft^2/s) 1.575*10^-4 1.358*10^-4
Thermal Conductivity (BTU/hr*ft*F) 0.0145 0.0134
Thermal Diffusivity (ft^2/s) 2.22*10^-4 1.88*10^-4
Prandtl Number 0.711 0.724
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temperature is 55 F, while the nitrogen film temperature is 13 F. The table was taken 
from the heat loss model discussed above.   “Not Applicable” refers to the surfaces 
where only conduction heat transfer is present. 
 
Table 09.  Total Thermal Resistance for Each Surface 
 

 
 

The overall resistance for each surface is simply the sum of the exterior convective 
resistance, conduction resistance, and interior convective resistance, as given by a 
series thermal circuit.  The heat transfer rate for each surface is then calculated using 
the following equation. 
 
 

   (19)          
R
TQ ∆=  

 
The sum of the heat transfer rates for each of the four surfaces is then calculated, 
resulting in the total heat transfer rate (or cooling load in BTU/hr) for the snow machine.  
Once the energy loss has been determined, the nitrogen injection rate must be 
calculated using the following equation. 
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The nitrogen injection rate can then be used as an estimate of the amount of nitrogen 
needed to keep the snow stored at a specified temperature for a specified amount of 
time.   
 
 The steady state calculations presented can be used to estimate the energy loss 
of the snow machine.  The elimination of transient heat transfer from the model has the 
most impact on the heat transfer through the floor of the snow holder.  Data presented 
clearly shows that the steady state assumption holds merit for every surface in question, 

Surface Area Exterior Conv. Res. Conduction Res. Interior Conv. Res.
Location  (ft^2) (hr*F/BTU) (hr*F/BTU) (hr*F/BTU)
Vertical Surfaces of Snow Holder 24 0.089 0.167 Not Applicable
Floor of Snow Holder 9 Not Applicable 0.501 Not Applicable
Vertical Surfaces of Snow Tower 72 0.030 0.069 0.021
Roof of Snow Tower 9 0.558 0.841 0.129
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especially if the energy loss is desired in the time after a one hour snow production run.  
This model is good not only for obtaining the value of the cooling load, but also to 
investigate the relative changes in load as ambient conditions change.  This may be 
used to determine the snow storage behavior of the snow machine under various 
climate conditions. 
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Material Selection 
 
 One of the initial goals of the design team was to construct the prototype snow 
machine out of readily available materials (see figure21).  This goal was accomplished, 
in that all the materials used can be purchased at most local hardware stores.  A 
discussion of the materials used for each of the major five components of the snow 
machine will be discussed. 
 
• Control Box   
 

The shell of the control box is constructed of ¾ inch AC plywood.  This provides a 
durable material to protect the internal components of the air and water mixing 
system.  The shell is painted OSU orange.  It is fastened together using 1 ½ inch 
wood screws.   Copper tubing is used for all the piping.  Compression fittings are 
used wherever possible to join the copper tubing to the pipe fittings of the various 
components.  All of the pipe fittings are made of brass to prevent corrosion due to 
the water present in the system.  Brass was also used for the valves, including both 
the air and water gate valves and the three pairs of needle valves just upstream of 
the mixing tees.  “Quick connect” type fittings are used on the hookups for the inlet 
air and water streams.  The water quick connect is made from corrosion resistant 
steel, while the air quick connect is made from brass.   
 

• Snow Holder 
 

The main structural part of the snow holder is constructed using ¾ inch plywood.  
This thickness of plywood has a thermal conduction resistance of about 0.935 
(hr*ft^2*F/BTU). Every vertical wall of the snow holder is insulated using a sheet of 
½ inch “Tuff-R” foamboard.  This type of foamboard is very lightweight and sturdy, 
having a density of about 3.8 lb/ft^3. It has a thermal conduction resistance of 4.0.  
The floor of the snow holder contains two layers of one inch thick styrofoam and one 
layer of foamboard, all laying on top of the plywood.  The styrofoam has a thermal 
conduction resistance of 3.57.  Corrosion resistant steel handles are bolted to the 
sides, to allow the snow holder to be used as a carrying box for the snow.  The snow 
holder has a total weight of 75 lbs when empty. 

 
• Snow Tower 
 

The snow tower is constructed of one layer ½ inch thick “Tuff-R” foamboard, the 
same material used to insulate the snow holder.  This material has sufficient 
stiffness to form the walls of the snow tower without the use of any other structural 
member.  With an R value of 4.0 and a weight about 14.5 lbs, foamboard is the best 
choice for material for the snow tower. 

 
 
 
• Exhaust Tower 
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The exhaust tower is also constructed of ½ inch “Tuff-R” foamboard.  Duct tape is 
used to join the pieces of foamboard together in the same fashion as the snow 
tower.  The exhaust tower has a weight of only 11.5 lbs, making it very easy to 
positions and transport.  The exhaust tube (links the snow tower and the exhaust 
tower) is simply a piece of four inch diameter clear plastic pipe.  This material was 
chosen because of the ability to see the exhaust flow through the tube.  This is 
necessary to prevent the exhaust tube from completely plugging during operation.   

 
• Nozzle Array 
 

The nozzle array is constructed of ¼ inch copper tubing.  All of the actual fluid 
transport lines, consisting of the three water/air mix lines and the two nitrogen lines, 
are supported by sections of ¼ inch copper tubing soldered to the bottom of the 
tubing.  Brass compression fittings are used to connect all of the fluid transport lines 
to their respective supply sources.  The use of copper tubing allows the nozzle array 
to weigh only four pounds. 

 
 
 One of the challenges in selecting the materials used to transfer liquid nitrogen is 
the very low temperature the material will encounter.  The material will most likely 
experience a temperature range between –260 F and room temperature.  The ASHRAE 
handbook [1] reports that any face centered cubic metal (such as copper) is acceptable 
for cryogenic service.  This was backed by information obtained from the nitrogen 
supplier, who used copper tubing for most of the piping in his nitrogen storage unit.  The 
other alternative to copper tubing is rated cryogenic line.  This is a highly insulated, 
braided type of tubing.  This material is cost prohibitive, costing $18.00 per foot, as 
compared to copper tubing that is readily available and costs only $0.23 per foot.   
 
 All of the material used in the construction of the snow machine is readily 
available.  The lightweight nature of the material used results in the total weight of the 
snow machine (excluding the nitrogen bottle) to be about 115 pounds.  The prototype 
snow machine to date has been used to produce about 1600 pounds of snow, requiring 
about 2000 lbs of liquid nitrogen.  Even with this high amount of use, the snow machine 
has experienced zero down time due to material failure. 
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Figure 21.  Cross Sectional View of the Snow Tower and Holder 
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Future Snow Machine Enhancements 
 
 The brief, 16 week, time period for this project required that only a basic 
prototype snow machine be designed and fabricated.  The design team would like to 
discuss options to improve the efficiency of the snow machine that could be applied in 
the future.   
 
• Pre-cooling of the Inlet Water Stream 
 

As discussed, the main parameter affecting snow machine efficiency is the inlet 
water temperature.  Up to 25% of the nitrogen used during operation will go to the 
sensible cooling of water from its inlet temperature to the freezing temperature.  The 
closer the inlet water temperature is to the freezing point, the more efficient the snow 
making process will be.   One possible way to lower the inlet temperature is to place 
a heat exchanger upstream of the control box.  The inlet water could be circulated 
through coils in an ice bath (some type of salt would be added to the bath).  Ice 
should be used if available because it is only about half as expensive as the 
produced snow.  Any snow that is left over from experimentation could be dumped in 
the ice bath also, recovering some of its energy.  The other source of cooled mass 
could come from the condensate in the exhaust tower.  During long production runs, 
water collects in the bottom of the exhaust tower as it is separated from the exhaust 
stream.  This water is very near the freezing point and could either be injected 
directly back into the snow tower, or sent to the heat exchanger.  The “dry” nitrogen 
exhaust gas could also be used to pre-cool the inlet water stream, by routing the 
flow through another heat exchanger.  A basic economic analysis would indicate if 
the cost of the additional equipment were less than the savings gained by reducing 
the nitrogen use. 
 

• Utilization of a Nucleating Agent 
 

The main purpose of a nucleating agent is to catalyze the formation of snow at 
higher temperatures.  The nucleating agent provides a surface on which the 
crystalline structure of the snowflake can form.  Forming snow at higher 
temperatures would reduce the amount of nitrogen consumed.  Several options are 
available for nucleating agents, including bacteria, dust, smoke, or chemical agents. 
 

• Nitrogen Injection Control System 
 

The manual throttling of liquid nitrogen into the snow tower requires an operator with 
at least some training and experience.  The efficiency of the snow machine varies 
depending on the person responsible for the temperature control.  A control system 
could be used to throttle the flow of nitrogen in the snow tower based on 
temperature.  This would also allow the snow machine to become nearly automated, 
requiring the operator to simply turn the snow machine on and off.  Initial estimates 
of such a system have been around $3000.00, making this somewhat hard to justify 
for an experimental machine.   
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• Independent Water and Air Injection Nozzles 
 

The current snow machine design uses three water / air mix injection nozzles.  All 
three nozzles are fed off of a common supply line.  This makes tuning of the 
individual nozzles very difficult because by changing the mixture ratio at one nozzle, 
you effectively change the mixture ratio of all three nozzles. By providing the 
machine with three independent water supply lines, the operator could 
independently control each nozzle.  Such a system would require three separate 
flow meters and pressure indicators to help indicate when the flow to each nozzle 
was truly balanced.    

 
 
• Multistage Nitrogen Injection 
 

The nitrogen injection scheme could be modified to obtain a more even temperature 
distribution in the snow tower.  Dr. Fisher has suggested that multistage injection 
could be utilized.  This could be accomplished by injecting the nitrogen at various 
stages along the vertical surface of the snow tower.  The possibilities are endless, 
including everything from a variable area snow tower to injection flow controlled by 
local temperature.   
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How the Problem Statements were Satisfied 
 
The problem statement requirements were all met for the snow machine.  The 

final deliverables include a control box, nozzle array, snow holder, snow tower, exhaust 
tower, and working computer model.  The entire system was tested and produced nine 
cubic feet of snow per hour.  The actual final project cost was $1737.45 (see appendix 
B). This accomplished the team goal of keeping the project under $2000. 
 

The working computer model was created in EES.  The model is a 
thermodynamic first law analysis of the snow machine.  The model takes in to account 
all of the incoming flows, snow production and losses through the exhaust, and 
accurately predicts the quantity of snow that will be produced.  The computer model 
provides the engineering calculations to back up the snow machines operation and it 
provides the operator with an accurate cost and quantity of snow that will be produced 
from a snow run.  These additional features of the snow model, cost prediction, and 
ability for the operator to vary input parameters, are extra features that were beyond the 
project requirements. 
 

The quantity and quality of the snow produced satisfied all of the project 
requirements.  A team goal was to not only meet the design requirements but to have 
two successful complete runs with the final hardware.  The snow machine had multiple 
successful one hour runs.  These runs not only surpassed the sponsor requirements, 
but also surpassed the internal project teams goals as well.  Over four full runs were 
made where nine cubic feet of dry snow was produced.  The best run produced 11.7 
cubic feet of snow.  There were more than 10 partial runs where the production rate 
would have met the requirements, however, a short run was made to examine other 
aspects of snow production.  The final deliverables have been tested and pass all 
design production requirements. 
 
 
How was it Tested and How Did it Perform? 
 

The snow machine was tested extensively.  The snow tower and snow holder 
were instrumented with thermocouples and temperature data was taken every minute 
during snow runs to analyze temperature distribution.  This data was used to determine 
both the heat flux through the snow chamber walls and the internal temperature 
distribution during snow production.  Most importantly, the snow quantity and quality 
experiments were carried out. 
 

The snow quality and quantity test started in the form of a small snow gun that 
used compressed air and water mixed with liquid nitrogen to produce snow.  The snow 
that this prototype gun produced was very fine and dry.  The problem with the snow gun 
was not the quality but the quantity of the snow produced and the ice buildup.  After 20 
minutes of operation, only the small cup of snow shown in figure 22 was produced.  This 
volume is obviously insufficient.  The other problem was after about 20 minutes of 
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operation the snow gun would start to plug with ice.  At this point in the testing, it was 
obvious that a different method was needed. 

 
Figure 22.  Total Volume of a 20 Minute Production Run from Snow Gun 
 
 

The testing then switched to a temperature controlled environment.  The first 
environment was a chamber two feet by two feet by eight feet tall.  This was the early 
stage of the final design.  The test run in this first chamber used a water nozzle array 
seen in figure 23.  Water and compressed air were fed into the nozzle array from a 
single ¼” copper line.  The nitrogen was injected into the chamber from a ¼” copper line 
positioned in the middle of the nozzle array.  This produced good dry snow, however, 
the volumetric requirements were still not satisfied.  The best results with this setup 
produced enough snow to fill one 48-quart Coleman cooler (see figure 24).  This is 
equivalent to about 1.6 ft3.   
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Figure 23.  Vertical Water Nozzle Array from Early Prototype Snow Machine 

 

 
Figure 24  Snow Produced from the Early Snow Machine Prototype 
 

When the project moved into the final testing stages, the snow holder, snow 
tower, exhaust tower, and final nozzle array were used.  The final nozzle array solved 
two of the problems that were encountered with the previous prototype (see figure 23).  
The final design used larger nozzles to increase the flow rate of the water and air.  The 
increased flow rate allowed the snow machine to meet the required volumetric goal.  
The ice formation on the sides, experienced previously, was eliminated with the new 
nozzle array geometry.   

 
For the final test, thermocouples were used to instrument the snow machine.  

These thermocouples were used to verify that a relatively uniform temperature was 
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being maintained in the chamber and to determine the heat flux through the walls.  
Temperature readings were taken every minute for a complete run.  This data can be 
seen in Appendix C.  The results show that there is less than a 10 degree difference in 
temperature throughout the chamber. 
 

The thermocouples that were used to instrument the TUFF-R board were 
installed on both surfaces of a removable section of the tower.  The thermocouples 
were used to track the skin temperature of the TUFF-R foamboard.  They were installed 
by cutting out a small area of the removable section, approximately ¾” wide X ¼” long, 
with a depth that took out all of the board’s thickness, except for the outer film surface.  
The thermocouple was then placed in the opening and a plug, made from the 
foamboard, was installed over the thermocouple holding it against the inner skin 
surface.  Another thermocouple was then installed using the same procedure from the 
other side of the removable section.  This provided an inside and outside skin 
temperature.  These produced great results for the heat flux analysis discussed in the 
Mathematical Model of Energy Loss from the Snow Tower and Holder section of this 
report. 
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Limitations with the Current Design 
 
 The current design of the prototype snow machine is limited in the following 
ways. 
 
• Pressure Resistance:  The snow tower and exhaust tower are not capable of 

handing pressures much greater than one atmosphere.  The foamboard walls tend 
to bulge outward, creating cracks in the foam.  As more cracks develop, the snow 
tower has less structural rigidity.  This problem could be solved by simply adding 
reinforcement to the walls of the chambers.  The final snow machine design (being 
fabricated by others) will include a snow tower capable of withstanding pressures 
greater than one atmosphere. 

 
• Snow Formation on the Walls of the Snow Tower:  It is inevitable that some 

water particles will strike and stick to the walls of the snow tower.  The current 
design of the nozzle array does not atomize all of the water.  Therefore, the snow 
machine is not capable of placing all of the formed snow into the snow holder. 

 
• Inlet Water Flow Rate:  The prototype snow machine is limited to an inlet water flow 

rate of 0.4 GPM under the current water supply pressure of 72 psig.  A higher 
pressure water supply would be required to obtain snow making flow rates above the 
current 0.4 GPM limit. 

 
• Snow Holder Capacity:  The maximum volume of snow produced can not exceed 

the capacity of the snow holder.  The maximum volume is 12.75 cubic feet, 
corresponding to about 320 lbs of snow (assuming a snow density of 25 lbm/ft^3) 

 
• Liquid Nitrogen Capacity:  A typical liquid nitrogen bottle will hold 300 lbs of usable 

liquid nitrogen when full.  Assuming a snow ratio of 1.3, approximately 230 lbs of 
snow will be produced per bottle(corresponding to 9.2 ft^3 of snow having a density 
25 lbm/ft^3).  The operator is required to shut the machine down and change bottles 
if more snow is desired.  This has to be done as quickly as possible to prevent the 
snow in the snow holder from melting.  
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Conclusion and Summary 
 

Dr. Spitler and his research group are working on the Smart Bridge project.  The 
group is looking at equipping bridge decks here in Oklahoma with ground source 
heating to eliminate snow, ice, frost, or slush from the bridge deck.  Part of this project 
involves a computer model of the snow melting process.  To test and validate this 
model, a test chamber three feet by three feet by eight feet tall is being built to contain a 
heated concrete slab.  The problem is that there is currently no device or technology 
available to deliver snow to the test slab in a controlled laboratory environment. 
 

A fully functioning machine consisting of control box, nozzle array, snow holder, 
snow tower, and exhaust tower is to be delivered to Dr. Spitler and his team.  The 
device is capable of producing in excess of nine cubic feet an hour of snow using 
pressurized air and water with liquid nitrogen. 
 

The final snow machine consists of a control box, nozzle array, snow holder, 
snow tower, and exhaust tower used together with feed and transfer lines to deliver 
pressurized air and water along with liquid nitrogen.  The device will produce snow at 
rates exceeding nine cubic feet and hour, in a temperature range from -20 8F to 20 8F 
with densities ranging from 20 to 30 lbm/ft3.   
 

The control box contains two feed lines of 5/8" copper tubing, one for water and 
one for air as well as three transfer lines of a compressed air and water stream.  The 
feed lines supply water and air under pressure, passing the streams through pressure 
regulators to maintain a balanced flow.  Three mixing tees produce three streams of air 
and atomized water and deliver them to the nozzle array through transfer lines made 
from 1/4" copper tubing.  The control box can deliver air at a rate of up to 4.0 SCFM and 
water at a rate of up to 0.4 GPM. 

 
The nozzle array delivers the air/water mix and nitrogen to the snow tower for the 

snow production.  The array is constructed of 1/4" copper tubing and has a total of five 
nozzle lines, three of air/water and two for nitrogen.  The three water/air lines are 
spaced symmetrically 1208 apart in the center of the snow holder.  Each line is bent 
upward at an angle of 458 above horizontal.  The lines are pointed at an apex about 
four inches above the nozzle tips to further atomize the streams and cancel all 
horizontal velocity components, leaving a vertical stream of finely atomized water. 
 

The snow holder is constructed of 3/4" plywood and stands two feet tall with an 
inside area of three feet by three feet.  The interior is lined on the bottom with 3/4" 
styrofoam and along the sides with 1/2" TUFF-R foamboard to a height of 1 foot 6 
inches.  The box serves to support the nozzle array in the operating position as well as 
collect the snow formed.   
 

The snow tower sits on top of the inner lining of the snow holder and serves as 
the mixing chamber for the air/water and nitrogen streams leaving the nozzle array.  
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The snow tower is constructed of 1/2" TUFF-R foamboard with in inside area of three 
feet by three feet and a height of seven feet 11 1/2 inches.  The snow tower is 
instrumented with two temperature sensors to monitor system performance. 

 
The exhaust tower is constructed of 1/2" TUFF-R foamboard, has a rough shape 

of two feet by two feet, and stands about eight feet tall.  The exhaust tower connects 
with the snow tower by a 4.0-inch diameter plastic tube approximately two feet long.  
The exhaust tower serves to pressurize the snow tower, serving to seal leaks.  The vent 
hole connecting the snow tower to the exhaust tower is cut in the side 2.5 feet above 
ground level.  The exhaust tower serves to capture and collect all snow and water 
entrained with the nitrogen exhaust. 

 
All the project goals were met.  A fully function snow machine was designed built 

and tested.  A computer model was written to aid the operator in the operation of the 
snow machine.  The total cost for the project was $1737.45 (see appendix B).  This was 
well below the project budget of $3000.  The prototype snow machine is being stored at 
the MAE North Lab and is ready for operation 
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Operator’s Manual 
 



 

  

This is a basic overview of how to operate the snow machine.  It should be noted that 
this operator’s guide was written based on the as delivered version of the snow 
machine. When the machine is adapted to other configurations, there may need to be 
revisions made to this manual. 
 
 
 
Assembly 
 
1. The control box must be connected.  Verify that both shutoff valves are fully 

closed.  The shutoff valves have red handles and are located on the top of the 
box (see figure 1).  To close the valves fully turn the handles clockwise until they 
stop.  Do not overtighten the valves, this can lead to leaks. 

 

Figure 1.  Control Valves 
 
2. Connections for the air and water inlets are on the left-hand side of the control 

box, when viewing the flow meters.  They both use quick-release attachment 
fittings, which are not inter-changeable (see figure 2).   

Figure 2.  Air and Water Inlets to the Control Box 
 
3. To avoid minor leakage, it is recommended that the water be shutoff while 

connecting the water quick-release.  The air pressure need not be disconnected 
for installation.  To attach the hoses to the control box pull the collar of the quick-
release on the hoses back and push the quick-release connections together 
firmly.  After the connection is firmly connected, release the collar.  If the 
connection does not remain seated repeat step 3. 

 

Shutoff 
Valve 

Pressure 
Regulator



 

  

4. The output lines are located on the right-hand side of the control box as viewed 
from the flow meters.  The output line connections are numbered from left to 
right.  Attention should be given to match the output connection to the transfer 
line number (see figure 3). 

Figure 3.  Control Box to Transfer Line Connections 
 
5. Tighten the compression nut on the transfer line using a ½” end wrench, while 

holding (prevent rotation) the connection on the control box using a 7/16 inch 
wrench (see figure 4). 

 

Figure 4.  Using Open End Wrenches to Connect Compression Fittings 
 
6. Place the nozzle array in the snow box.  The water input lines and the nitrogen 

input lines on the nozzle array should rest in the slots cut in the top of the snow 
box.  The nozzle array should be centered in the snow chamber.  When the 
nozzle array is centered in the snow box, the horizontal stabilizer on the nozzle 
array will line be lined up with the centerline in the snow box.  

 
7. NOTE:  When using liquid nitrogen, safety glasses, gloves, and long 

sleeved clothing should be used.  Locate the pressure relief valve and verify 
that it is a 230 psi pop-off.  Locate the LIQUID valve on the nitrogen bottle.  



 

  

Assemble the bottle to ¼” compression adapter assembly to the LIQUID valve on 
the bottle in accordance with step 8.   

 
8. IMPORTANT:  The copper compression gasket/washer must be seated in 

the adapter before connection to the bottle.  Failure to seat this 
gasket/washer correctly could result in a liquid nitrogen leak.  Insert the 
copper compression washer/gasket, concave side toward the bottle nipple, into 
the female side of the adapter assembly (see figure 5).   

 

Figure 5.  Correct Installation of Copper Washer/Gasket 
 
9. Carefully hand tighten the adapter assembly to the bottle with approximately 4 

revolutions.  If the assembly becomes snug before 3 revolutions, the copper 
gasket/washer is not seating correctly.  Remove the assembly, reseat the copper 
gasket/washer and reassemble.  Tighten the adapter assembly approximately ½ 
revolution past hand tight (25 ft*lbf) using a 15/16” open-end wrench, while 
backing-up the valve with the appropriate sized open-end wrench (see figure 6). 
NOTE: the valve must be backed up to prevent damage to the valve and bottle. 

 
Figure 6.  Backing Up Valve while Installing Adapter Assembly 
 
10. A 5/8” and a ½” open-end wrench are needed to connect the insulated nitrogen 

line to the adapter assembly on the bottle.  NOTE:  Compression fittings 
should be tightened ¼ to ½ turn past hand tight.  Further tightening may 



 

  

cause leaks.  Tighten the ½” compression nut on the nitrogen transfer line, while 
holding (prevent rotation) the 5/8” connection on the adapter assembly (see 
figure 4). 

 
11. A 7/16” and a ½” open-end wrench are needed to connect the nitrogen transfer 

line to the nozzle array.   NOTE:  Compression fittings should be tightened ¼ 
to ½ turn past hand tight.  Further tightening may cause leaks. Tighten the 
compression nut on the nitrogen transfer line using a ½ inch wrench, while 
holding (preventing rotation) the connection on the nozzle assembly using a 7/16 
inch wrench (see figure 4). 

  
12. NOTE:  SAFETY GLASSE, GLOVES, AND LONGSLEEVED CLOTHING ARE 

MANDATORY FOR LEAK CHECKING THE NITROGEN SYSTEM.  Once all of 
the connections have been rechecked for proper installation/tightening, open the 
liquid valve on the nitrogen bottle ¼ turn and visually inspect the transfer line and 
connections for evidence of leakage.  If leaks are found CLOSE NITROGEN, 
VALVE DO NOT PROCEED UNTIL LEAKS HAVE BEEN REPAIRED.   

 
 



 

 

 
Operation 
 
 
1. Place snow tower on snow holder.  Install a minimum of one thermocouple 

approximately 3 ½’  - 4’ above the top of the snow holder, in the center of one 
wall of the snow tower.  Additional thermocouples may be used if available and 
desired.  

 
2. Insert the vent tube into the snow tower and connect the opposite end of the vent 

tub to the exhaust tower. 
 
3. From the operations chart, figure 7 determine the desired operation parameters 

for the type snow desired. 
 

Figure 7.  Operation Parameters Guide 
 
4. Open the air shutoff valve (see figure 1) and set a

approximately 70 psi.  This keeps the water/air line
the chamber. 

 
5. CAUTION! VALVE AND OTHER COMPONENTS

LIQUID NITROGEN BOTTLE WILL BECOME EX
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MORE.  DO NOT TOUCH OR ADJUST VALVE WITH OUT GLOVES (see 
figure 8).  Open LIQUID valve approximately 1 revolution. 

 

Figure 8.  Top of Nitrogen Bottle.  These componets become very cold during 
operation. 

 
6. As the temperature in the chamber approaches the desired operation 

temperature (within 5 °F), turn on the water shut off valve.  Adjust the pressure 
regulators (see figure 1) for both the air and the water to approximately 4.0 
SCFM (air) and .32 gpm (water).  Note:  these are the optimum conditions as 
determined during development.  Deviations from this are acceptable within the 
bounds of figure 7. 

 
7. Temperature control of the chamber is a function of nitrogen flow rate.  If the 

chamber is too warm open the LIQUID valve further on the nitrogen bottle or 
close the valve further if the temperature is too cold.   For best control, open the 
pressure regulator valve, on top of the nitrogen bottle, slightly and attempt to 
keep the bottle pressure between 100-150 psi.  

 
8. After completion of a run, turn off the water at the shutoff valve and continue to 

run air for one minute before shutting off air to avoid freezing water in the transfer 
lines.  Nitrogen may shutoff anytime.  



 

  

 
Disassembly and Storage 
 
 
1. Verify that all valves are closed.  In particular, check to see that all valves on the 

nitrogen bottle and the pressure regulator on the bottle are closed (fully 
clockwise).  Do not overturn the valve stem when closing, this may cause the 
valve to leak.  Allow time for all cryogenic lines and fittings to warm to room 
temperature before disassembly.  Lines may be disassembled sooner if gloves 
and appropriate clothing is worn. 

 
2. Disconnect the ¼” compression fitting between the nitrogen line and the nozzle 

array and the nitrogen line and the adapter assembly on the nitrogen bottle using 
a ½” , 5/8”, and 7/16” open end wrenches. 

 
3. Remove the adapter assembly from the nitrogen bottle using a 15/16” open end 

wrench and an appropriate wrench to back up valve on the bottle.  Be sure to 
capture copper compression gasket/washer.  Gasket/washer must be retained 
for further use.  Recommendation:  place gasket/washer in adapter assembly 
and cover end with tape to retain gasket/washer (see figure 9). 

 

Figure 9.  Adapter Assembly Covered with Duct Tape to Retain Gasket/Washer 
 
4. Disengage quick connects between the nozzle array and the transfer lines by 

pulling outer collar back  
 
5. Remove ½” nut on transfer line by holding the 7/16” fitting on the output lines 

from control box, using appropriate open end wrenches. 
 
6. Disengage quick connects at the inlets by pulling collars back.   
 
7. No additional steps are needed for storage. 



 

  

Maintenance 
 
No routine maintenance is required; however, occasional adjustments may need to be 
made if physical changes are made to the snow making operation.  If the nozzle array is 
bent or modified or the plumbing is modified, the nozzle array will need to be 
recalibrated.  Nozzle alignment is done in the following manner: 
 
1. Assemble the nozzle array per the assembly directions.   
 
2. Open the water shutoff valve fully.  The 3 water streams leaving the nozzles 

should meet at a point directly above the center of the nozzle array assembly.  If 
the nozzle streams do not intersect, gently bend (by hand) the tubes to correct 
the alignment problem.   

 
3. When the nozzle array is aligned correctly, open the air shutoff valve to full, 

allowing the system to come to a steady state.  No droplets of water should be 
felt leaving the circumference of the nozzle array.  A fine mist should be evident 
and appear to only have a vertical velocity. 

 
If the tubing size or length is changed, minor mixing adjustments may have to be made 
to the system.  NOTE: this should be done only after the system has been checked for 
other problems, bent or crimped lines, supply pressure problems on the air and/or 
water. This procedure is as follows: 
 
1. Assemble the nozzle array per the assembly directions.   
 
2. Remove the top rear lid of the control box to expose the mixing needle valves, 

located on the bottom of the control box. 
 
3. Close all the needle valves fully, noting the position of the valves for reference. 
 
4. Open the shutoff valves for the air and then the water on the control box. 
 
5. Open the air needle valves ¾ of a turn.  
 
6. Open the water valves approximately 1/16-1/8 of a turn. 
 
7. At this point the calibration will depend on the actual setup configurations and no 

exact procedure will work for every case.  The goal is to develop a high velocity 
mist leaving the ends of the nozzles.  After the system has stabilized there 
should be no pulses alternating between water and air.   

 
8. The other important goal is to try to have the same flow rate of the water exiting 

all nozzles.  One way to determine the flow rate is to temporarily install flexible 
tubing to the ends of all the nozzles and direct the flexible tubing into a container 
that can be weighed after a predetermined time interval. 



 

  

 
 
 
 
 
 
 
 
 
 
 
 

Appendix B 



 

  

Cost and Material Data 
 

The following pages detail a comprehensive review of accounting information for 
this project, including date, amount, item, model number, vendor, and purchase order. 
 

In keeping with the project goal of maintaining simplicity and purchasing common 
off the shelf items, all the parts and materials, with the exception of flow meters were 
purchased from local stores. 
 

None of the items listed must be purchased as documented here, a similar part 
or material may be substituted if it is available.  The only exception to this is the 
foamboard used in the construction of the snow tower.  The design team recommends 
styrofoam not be used as a substitution, as it is not sturdy enough.  Any other insulating 
foam wallboard may be used.  A substitution of a higher R-value material would actually 
serve to improve the system performance. 

 
The cost of the machine is the amount of money that would have to be spent to 

build a working device from scratch.  These figures may vary slightly with different 
vendors or by using substitution parts.  These figures do not include the cost of liquid 
nitrogen or any tools used for construction.   

 
The total budget is the amount of money spent for the project as a whole.  Only 

vendors that were used extensively are itemized, all other expenditures appear under 
miscellaneous. 
 
The final data, the parts list, shows the vendor’s model or part number for every item 
purchased.  This information is included as a reference for making part or material 
substitutions if repairs or replacements need to be made. 



 

  

Total Cost for One Machine (without N2) 
Model Description Vendor Quantity Unit Price Ext. Price

A-732 PB103 1/4" couple Lowe's 3 $1.08 $3.24 
A-744 PB113 1/4" by 3" nipple Lowe's 1 $2.16 $2.16 
A-727 PB100 1/4" 90 elbow Lowe's 9 $2.01 $18.09 
A-92D PB968-P 5/16" mpt to 1/4" compression Lowe's 9 $1.37 $12.33 
A-741 PB113 1/4" by 1/2" nipple Lowe's 18 $1.09 $19.62 
A-778 PB110 3/8" to 1/4" bushing Lowe's 2 $0.94 $1.88 
A-765 PB103-R 1/4" to3/8" fpt adapter Lowe's 2 $1.47 $2.94 
A-787 PB113 3/8" by 2" nipple Lowe's 6 $1.67 $10.02 
A-782 PB116 3/8" street elbow Lowe's 3 $2.25 $6.75 
A-828 PB110 3/8" to 1/2" bushing Lowe's 2 $0.93 $1.86 
A-730 PB101 1/4" fpt tee Lowe's 5 $2.47 $12.35 
A-23 PB968-P 1/4"mpt to 1/4" compression Lowe's 14 $1.29 $18.06 
A-12 PB964-P 1/4" compression tee Lowe's 2 $2.28 $4.56 
A-16 PB966-P 1/4" fpt to 1/4" compression Lowe's 9 $1.24 $11.16 
A-742 PB113 1/4" by 2" nipple Lowe's 7 $1.21 $8.47 
A-10 PB962-P 1/4" compression union Lowe's 4 $1.12 $4.48 
A-760 PB103 3/8" couple Lowe's 1 $1.90 $1.90 
A-755 PB100 3/8" 90 elbow Lowe's 1 $2.25 $2.25 
C20B 1/4" air quick connection Lowe's 4 $2.19 $8.76 
CP20B 1/4" male quick connection Lowe's 4 $1.22 $4.88 
CP5 3/8" male quick connection Lowe's 1 $1.56 $1.56 
CP6 3/8" air quick connection Lowe's 1 $5.46 $5.46 
1231/AC200 3/8" air regulator Lowe's 2 $24.80 $49.60 
47249 1/4" by 1/4" fpt needle valve Ace 6 $4.69 $28.14 
47622 1/4" gate valve Ace 2 $4.79 $9.58 
P-03248-93 air flowmeter Cole-Parmer 1 $60.00 $60.00 
P-32470-01 water flowmeter Cole-Parmer 1 $60.00 $60.00 
2003 1/4"OD by 50' copper refrigeration coil Ace 2 $11.37 $22.74 
41069 5/16"OD copper tubing (18 ft) Ace 18 $0.49 $8.82 
38CDX Plywood Hoke Lumber 1 $30.05 $30.05 
      
     $431.71 



 

  

 
Combined Parts List 

Model/Part Number Description Vendor 
230-0105 Watch battery RS 357 Radio Shack
S058 Super TUFF-R 1/2" by 4' by 8' Ace
N/a Dry wall screw 1 lb box Lowe's
N/a 1" by 4' by 8' styrofoam Lowe's
GP-45 Liquid Nitrogen Stillwater Steel
DL02-NLB 1/2" by 1 1/2 nipple black Lowe's
CL02-NLB 3/8" by 1 1/2 nipple black Lowe's
B609 1.88" by 60 yd duct tape Lowe's
B450 1.88" by 44 yard duct tape Lowe's
B3119/1117-3 Tossaway chip brush Lowe's
A827/PB110 1/2 by 1/4 bushing Lowe's
A741/PB113 1/4 by 1/2 nipple Lowe's
A30/PB969P 1/4" compression elbow mpt Lowe's
A23/PB966P 1/4" by 1/4" compression connector Lowe's
A2/PB60 1/4" compression fitting Lowe's
A16/PB966P 1/4" by 1/4" compression coupler Lowe's
A14/PB965P 1/4 compression elbow Lowe's
A12/PB964P 1/4" compression tee Lowe's
A10/PB962P 1/4" compression union Lowe's
8649 Silicone caulk Lowe's
8171 Teflon tape Lowe's
81-0560-700 6 1/2" door pull Lowe's
636-1009 LCD indoor/outdoor thermometer Radio Shack
63268 12" 24 T carbon steel blade Lowe's
53061/91092 Nolead solder Lowe's
505 Hardware fasteners Ace
47889 Duct tape Ace
47622 1/4" ips gate valve Ace
47249 1/4" by 1/4" needle valve fpt Ace
47227 1/4" by 1/4" needle vavle mpt Ace
46991 1/4" by 2 1/2 nipple mpt Ace
46-308UVB 8" black cable tie Lowe's
449404 Teflon tape Ace
447040RMC 4" schedule 40 cap Lowe's
44446 1/4" black tee Ace
44138 1/4" compression fitting fpt Ace
42835 1/4" by 1/4" needle valve fpt Ace
42044 3/8" to 1/4 couple Ace
41579 1/4" by 11/2 nipple black Ace
41445 1/4" galvanized elbow Ace



 

  

41432 1/4" galvanized coupling Ace
41265 1/4" compression tee Ace
41237 1/4" compression fitting mpt Ace
41229 1/4" by 1/4" compression union Ace
411224 1/2" to 3/8 adapter Ace
41068 1/4" by 50 copper refrigeration tubing Ace
40915 1/4" by 2 1/2 nipple black Ace
409 Misc. pipe/tubing Ace
40470 1/4" by 2 nipple Ace
40469 1/4" by 1 1/2" nipple black Ace
40329 1/4" by closed nipple Ace
4004 Market Plumbing Ace
34952 1/2" steel strap Ace
346FDBIN 3/8" by 1/4" male coupling Lowe's
344DBIN 1/4" by 1/4" male coupling Lowe's
31411 Abrasive cloth Lowe's
30374 1.7 oz tinning flux Lowe's
30337 1/2" one hole strap Ace
28039 1/2" by 3/8" couple black Lowe's
16204-008 1/2" by 4' by 8' TUFF-R Celtex R3.6 Lowe's
14304 1/16" bullet drill bit Lowe's
1280 White exterior flat paint Lowe's
1231/AC200 3/8" air regulator Lowe's
108350625OU 1/2" by 6' pipe insulation Lowe's
107-903LG 1/2" ips ball valve Lowe's
102 4' by 2" PVC DWV coupler Lowe's
10-099 Utility knife Lowe's
100 4" PVC coupling Lowe's
2253 Foam weather strip tape Lowe's
2003 1/4" by 50' copper refrigeration tubing Lowe's
41407 1/4" by 3/4" bushing galvanized Ace
45247 3/8" by 2 1/2" nipple black Ace
41406 3/8" by 1/2" bushing Ace
41402 1/8" by 3/8" bushing galvanized Ace
42045 1/4" by 1/2" couple Ace
42060 1/2" by 1/4" bushing Ace
41238 5/16" by 1/8" compression Ace
41239 5/16" by 1/4" compression Ace
45193 0-200 psi pressure gauge Ace
41069 5/16" by 50' copper refrigeration tubing Ace
P-03248-93 Air flowmeter 127 mm, 8.2 SCFM Cole-Parmer
P-32470-01 Flowmeter .1 to 1 GPM Cole-Parmer

38CDX 11/32" by 4' by 8' Plywood Hoke Lumber



 

  

 

Total Expenditures 

Date A.O. # Description Amount 

01-Sep-99 286821 
1/4" tubing, 2 comp fittings, coupling, 
adapter, nipple $26.31 

03-Sep-99 286824 
duck tape, 3 comp. Fittings,  2 PVC 
couplers, PVC cap,  $15.43 

03-Sep-99 286823 3 tees $5.91 

10-Sep-99 286822 
1/4" tubing, foam tape, 5 comp. fittings, bit, tee, 
2 bushings, elbow, nipple, saw blade, pipe ins. $33.02 

10-Sep-99 286821 credit return -$3.06 

10-Sep-99 286823 
12 fasteners, 6 nipples, 2 couplers, 2 needle valves, 
6 straps, 5 comp fittings, 2 elbows, gate valve  $30.58 

10-Sep-99 286853 liquid nitrogen $65.00 

13-Sep-99 286824 3 unions, elbow, 3 tees, tuff r foam board $19.52 

15-Sep-99 286857 styrofoam sheet $7.04 

15-Sep-99 286858 2 tuff r foam board $15.70 

20-Sep-99 286890 

duck tape, 8 fasteners, 2 needle valve, 2 steel 
straps, 4 comp fitting, 11 nipples, 2 market 
plumbing, 4 tees, teflon tape $34.00 

22-Sep-99 286893 processing, 2 sets of prints $15.09 

22-Sep-99 286894 liquid nitrogen $65.00 

24-Sep-99 286892 
2 door pulls, 4 tuff r foam board, drywall 
screw, utility knife, caulk, duck tape $43.94 

24-Sep-99 cash 2 ice bags, batteries $5.64 

24-Sep-99 286892 LCD thermometer, watch battery $17.78 



 

  

25-Sep-99 286891 
5 comp fittings, 1/4" tubing, duck tape, 2 
unions $20.49 

28-Sep-99 286891 liquid nitrogen $65.00 

01-Oct-99 286960 pressure regulator, 3 couplings $28.65 

01-Oct-99 286959 liquid nitrogen $65.00 

02-Oct-99 286960 pressure regulator, 4 nipples,  $24.80 

04-Oct-99 286960 
1/4" tubing, solder flux, cloth, solder, 2 teflon 
tape, paint, 3 comp fittings, paint brush $31.14 

04-Oct-99 286961 

8 fasteners, 4 steel straps, 3 comp fittings, 7 
nipples, 2 elbows, 2 needle valves, 4 couplings, 
union $24.40 

05-Oct-99 286962 processing,  sets of prints $11.35 

05-Oct-99 286959 liquid nitrogen $65.00 

06-Oct-99 286961 6 plumbing misc, 2 bushing, nipple,  $2.89 

06-Oct-99 286973 flowmeters $142.00 

08-Oct-99 286961 
10 steel strap, valve, tee, 4 bushing, 2 couplings, 2 
bushings, 12 comp fittings, pressure gauge, tubing $33.68 

18-Oct-99 286963 liquid nitrogen $65.00 

19-Oct-99 287001 bottle repair (rupture disk) $150.00 

22-Oct-99 286963 liquid nitrogen $65.00 

01-Nov-99 286997 5 couplers, 5 plugs $20.43 

01-Nov-99 287001 liquid nitrogen $65.00 

02-Nov-99 287087 plywood $30.05 



 

  

03-Nov-99 286997 duck tape $2.75 

12-Nov-99 287131 liquid nitrogen $65.00 

17-Nov-99 287131 2 liquid nitrogen $130.00 

20-Nov-99 287132 labeling tape $6.97 

21-Nov-99 287132 tape, batteries $6.84 

22-Nov-99 287129 tubing, 8 comp fittings, cable ties $31.00 

22-Nov-99 287129 tubing $13.97 

22-Nov-99 287129 return -$20.86 

24-Nov-99 286963 2 liquid nitrogen $130.00 

01-Dec-99 286963 liquid nitrogen $65.00 

    

   $1,737.45 
 



 

  

 
 
 
 
 
 
 
 
 
 
 
 

Appendix C 



 

  

 

Bottle Start Weight 510 lbs 
Air Flow 

3.8  

Water 
Flow .4 
GPM   

Bottle End 
weight 
442 lbs 

Time (min)    
Outside Skin 

(F) 
Inside 

Skin (F) Slab (F)
Ambient 

(F) 

Box 
Midtower 

(F) 
Box Top 
(Vent) (F) 

Ambient 
RTD 

   Ch 1 Ch 3 Ch 5 Ch 7    
0   81.7 72.0 43.9 70.3 51.0 50.4 68.9 
1   83.1 53.7 35.4 72.8 14.0 21.9 72.3 
2   78.5 51.8 33.6 72.8 15.0 19.4 72.9 
3   73.5 46.7 32.7 72.3 12.0 17.8 73 
4   69.2 44.8 32.1 71.2 17.0 21.7 73 
5   66.6 43.4 31.9 70.7 17.0 22.1 73 
6   64.9 42.2 32.1 70.3 19.0 22.5 72.9 
7   63.2 41.9 32.0 70.0 19.0 24.8 72.7 
8   62.1 39.1 31.9 69.7 16.0 19.9 72.5 
9   61.2 37.1 31.8 69.5 13.0 16.7 72.3 
10   60.1 36.6 31.7 69.3 13.0 16.0 72.3 
11   59.4 36.1 32.0 69.2 12.0 16.2 72.1 
12   58.7 36.3 31.9 69.0 13.0 17.4 72.1 
13   58.2 37.2 32.0 69.1 15.0 19.7 72 
14   58.0 37.3 32.0 69.1 17.0 18.3 72 
15   57.9 36.5 32.0 69.0 14.0 15.1 71.8 
16   57.7 35.8 32.1 68.8 13.0 13.5 71.6 
17   57.6 35.5 32.3 68.9 13.0 13.8 71.6 
18   57.3 35.6 32.3 68.9 12.0 12.6 71.4 
19   57.1 35.5 32.4 68.9 13.0 14.2 71.2 
20   57.1 35.6 32.4 68.9 12.0 11.7 71.1 

 



 

  

 

Time 
(min) 

Outside 
Skin 

(mVolts) 

Inside 
Skin 

(mVolts) 
Ground 
(mVolts) 

Box 
Above 
Snow Ambient

Box 
Midtower 

Box 
Top 

(Vent)  
Outside 
Skin (F) 

Inside 
Skin (F)

Ground 
(F) 

Box 
Above 
Snow 

 Ch 1 Ch 3 Ch 5 Ch 7     Ch 1 Ch 2 Ch 3 Ch 4 
0 0.835 0.775 0.696 0.387 75.2 63 60.6  70.0 67.4 63.8 49.8 
1 0.756 0.282 0.696 -0.237 75.2 23 8.1  66.5 45.0 63.8 20.9 
2 0.730 0.329 0.695 -0.292 75.2 21 9.7  65.4 47.2 63.8 18.3 
3 0.726 0.338 0.693 -0.299 75.2 20 10.0  65.2 47.6 63.7 18.0 
4 0.724 0.341 0.692 -0.265 75.2 20 12.4  65.1 47.7 63.7 19.6 
5 0.724 0.344 0.692 -0.195 75.2 22 16.2  65.1 47.9 63.7 22.9 
6 0.722 0.343 0.691 -0.241 75.2 21 13.5  65.0 47.8 63.6 20.7 
7 0.726 0.347 0.690 -0.330 75.2 18 9.7  65.2 48.0 63.6 16.5 
8 0.727 0.348 0.689 -0.372 75.2 17 8.1  65.2 48.0 63.5 14.5 
9 0.727 0.349 0.688 -0.353 75.2 18 9.9  65.2 48.1 63.5 15.4 
10 0.726 0.349 0.686 -0.318 75.0 19 11.8  65.2 48.1 63.4 17.1 
11 0.727 0.352 0.686 -0.285 75.0 20 13.8  65.2 48.2 63.4 18.6 
12 0.726 0.355 0.686 -0.258 75.2 20 15.6  65.2 48.4 63.4 19.9 
13 0.726 0.357 0.685 -0.229 75.2 22 17.8  65.2 48.4 63.3 21.3 
14 0.727 0.355 0.685 -0.208 75.2 23 19.4  65.2 48.4 63.3 22.3 
15 0.725 0.349 0.684 -0.199 75.2 24 20.3  65.1 48.1 63.3 22.7 
16 0.728 0.349 0.684 -0.208 75.2 23 19.2  65.3 48.1 63.3 22.3 
17 0.730 0.349 0.684 -0.228 75.2 22 17.4  65.4 48.1 63.3 21.3 
18 0.732 0.354 0.683 -0.259 75.2 22 15.6  65.5 48.3 63.2 19.9 
19 0.732 0.363 0.683 -0.304 75.2 20 12.7  65.5 48.7 63.2 17.8 
20 0.732 0.368 0.682 -0.346 75.2 18 10.0  65.5 48.9 63.2 15.8 
21 0.734 0.372 0.681 -0.387 75.2 17 7.5  65.5 49.1 63.2 13.8 
22 0.735 0.375 0.681 -0.407 75.2 16 7.3  65.6 49.3 63.2 12.9 
23 0.732 0.377 0.681 -0.396 75.2 17 14.9  65.5 49.4 63.2 13.4 
24 0.731 0.380 0.680 -0.276 75.2 23 25.0  65.4 49.5 63.1 19.1 
25 0.731 0.380 0.680 -0.256 75.4 23 19.2  65.4 49.5 63.1 20.0 
26 0.734 0.382 0.680 -0.245 75.4 23 19.2  65.5 49.6 63.1 20.5 
27 0.733 0.382 0.679 -0.296 75.4 22 6.6  65.5 49.6 63.1 18.1 
28 0.734 0.383 0.679 -0.428 75.4 17 -2.9  65.5 49.6 63.1 11.9 



 

  

29 0.733 0.385 0.678 -0.342 75.4 22 9.7  65.5 49.7 63.0 16.0 
30 0.731 0.384 0.678 -0.322 75.4 22 -4.4  65.4 49.7 63.0 16.9 
31 0.731 0.382 0.677 -0.592 75.2 17 -15.9  65.4 49.6 63.0 4.0 
32 0.733 0.383 0.678 -0.485 75.2 20 -0.8  65.5 49.6 63.0 9.1 
33 0.734 0.380 0.678 -0.382 75.2 23 12.0  65.5 49.5 63.0 14.1 
34 0.732 0.377 0.678 -0.346 75.2 23 12.0  65.5 49.4 63.0 15.8 
35 0.731 0.367 0.678 -0.345 75.2 24 15.1  65.4 48.9 63.0 15.8 
36 0.729 0.358 0.678 -0.356 75.2 23 15.6  65.3 48.5 63.0 15.3 
37 0.724 0.344 0.678 -0.367 75.2 23 14.4  65.1 47.9 63.0 14.8 
38 0.724 0.332 0.678 -0.377 75.2 23 14.2  65.1 47.3 63.0 14.3 
39 0.722 0.322 0.677 -0.377 75.2 23 14.5  65.0 46.8 63.0 14.3 
40 0.720 0.317 0.677 -0.373 75.0 23 14.5  64.9 46.6 63.0 14.5 
41 0.716 0.313 0.677 -0.360 75.0 23 14.5  64.7 46.4 63.0 15.1 
42 0.714 0.316 0.676 -0.339 75.0 23 14.5  64.6 46.6 62.9 16.1 
43 0.711 0.314 0.676 -0.317 75.0 24 17.1  64.5 46.5 62.9 17.1 
44 0.709 0.316 0.676 -0.302 75.0 24 16.5  64.4 46.6 62.9 17.8 
45 0.708 0.320 0.676 -0.305 75.0 22 14.7  64.4 46.8 62.9 17.7 
46 0.709 0.327 0.676 -0.310 75.0 21 13.1  64.4 47.1 62.9 17.5 
47 0.709 0.328 0.674 -0.300 75.0 20 14.2  64.4 47.1 62.8 17.9 
48 0.709 0.330 0.674 -0.280 75.0 21 17.8  64.4 47.2 62.8 18.9 
49 0.709 0.335 0.675 -0.258 75.0 21 22.8  64.4 47.4 62.9 19.9 
50 0.709 0.347 0.674 -0.243 75.0 22 23.2  64.4 48.0 62.8 20.6 
51 0.714 0.357 0.676 -0.282 75.0 21 16.5  64.6 48.4 62.9 18.8 
52 0.715 0.360 0.675 -0.305 75.0 20 11.8  64.7 48.6 62.9 17.7 
53 0.713 0.362 0.674 -0.313 75.0 19 14.4  64.6 48.7 62.8 17.3 
54 0.715 0.368 0.674 -0.285 75.0 21 20.8  64.7 48.9 62.8 18.6 
55 0.715 0.363 0.674 -0.304 75.0 21 19.2  64.7 48.7 62.8 17.8 
56 0.715 0.255 0.673 -0.392 75.0 20 14.2  64.7 43.8 62.8 13.6 
57 0.711 0.272 0.673 -0.440 75.0 20 13.3  64.5 44.6 62.8 11.3 
58 0.702 0.321 0.672 -0.395 75.0 22 20.8  64.1 46.8 62.8 13.4 
59 0.702 0.287 0.672 -0.440 75.0 22 18.7  64.1 45.2 62.8 11.3 
60 0.705 0.240 0.671 -0.510 75.0 21 16.0  64.2 43.1 62.7 7.9 
             

Average Values     75.1 21.1 14.4  65.1 47.9 63.1 16.8 



 

  

            
End of Production, Start of Maintenance          

             
61 0.703 0.205 0.672 -0.691 75.0 19 13.5  64.1 41.5 62.8 -0.8 
63 0.692 0.229 0.671 -0.865 75.0 17 15.6  63.7 42.6 62.7 -9.3 
65 0.671 0.267 0.669 -0.792 75.0 18 18.7  62.7 44.3 62.6 -5.7 
67 0.676 0.302 0.670 -0.694 75.0 20 21.4  62.9 45.9 62.7 -0.9 
69 0.688 0.262 0.669 -0.831 75.0 19 21.2  63.5 44.1 62.6 -7.6 
71 0.692 0.274 0.670 -0.871 75.0 17 21.7  63.7 44.6 62.7 -9.6 
73 0.686 0.300 0.669 -0.793 75.0 19 23.9  63.4 45.8 62.6 -5.8 
75 0.689 0.316 0.668 -0.699 75.0 20 24.3  63.5 46.6 62.6 -1.2 
77 0.698 0.292 0.668 -0.821 75.0 19 22.1  63.9 45.5 62.6 -7.1 
79 0.693 0.311 0.667 -0.786 75.0 20 24.3  63.7 46.3 62.5 -5.4 
81 0.698 0.298 0.666 -0.773 75.0 20 22.8  63.9 45.7 62.5 -4.8 
83 0.702 0.313 0.666 -0.765 75.0 20 24.3  64.1 46.4 62.5 -4.4 
85 0.696 0.289 0.666 -0.797 75.0 19 22.8  63.8 45.3 62.5 -6.0 
87 0.698 0.308 0.666 -0.763 75.0 19 24.4  63.9 46.2 62.5 -4.3 
89 0.699 0.326 0.666 -0.697 75.0 21 25.9  64.0 47.0 62.5 -1.1 
91 0.706 0.303 0.665 -0.672 75.0 20 19.4  64.3 46.0 62.4 0.1 
93 0.706 0.317 0.665 -0.639 75.0 20 21.6  64.3 46.6 62.4 1.7 
95 0.701 0.301 0.665 -0.653 75.2 19 17.4  64.1 45.9 62.4 1.1 

             
Average Values    75.0 19 21.4  63.7 45.4 62.6  
          
End of Maintanance            



 

  

 
 
 
 
 
 
 
 
 
 
 
 

Appendix D 
 

(Not Available) 



 

  

 
 
 
 
 
 
 
 
 
 
 
 

Appendix E 
 

(Not Available) 



 

  

 
 
 
 
 
 
 
 
 
 
 
 

Appendix F 



 

  

Steady State Heat Transfer to Protoype Snow Chamber   
    
Conduction  All parameters in blue font are input parameters   
        

Location Unit Resistance Surface Area Thermal Resistance 
 (hr*ft^2*F)/BTU (ft^2) (hr*F)/BTU 

    
Roof of Snow Tower 7.57 9 0.841 
Floor of Snow Holder 4.51 9 0.501 
Vertical Surfaces of Snow Tower 4.94 72 0.069 
Vertical Surfaces of Snow Holder 4.00 24 0.167 
    

Location Material Construction     
 Layer 1 Layer 2 Comments 
 outer inner   
Roof of Snow Tower Tuff R foamboard Styrofoam Roof 
Floor of Snow Holder 3/4" Plywood Styrofoam Floor of Snow Holder 
Vertical Surfaces of Snow Tower 3/4" Plywood Tuff R foamboard Sides of Snow Holder 
Vertical Surfaces of Snow Holder Tuff R foamboard N/A Walls of Snow Tower 
    
Convection    
 All parameters in blue font are input parameters   

Calculation of Film Coefficients (Free Convection)   

Film Coefficient Inputs   Converted to SI for Calculations  
Enter the ambient temperature (F) 75 297.039  
Enter the interior surface temperature (F) 55 285.928  
Enter the exterior surface temperature (F) 65 291.483  
Enter the roof characteristic length (ft) 3 0.915  

Enter the wall characteristic length (ft) 6 1.829  
 
 
    



 

  

Calculation of Heat Flow Rate    

Heat Flow Inputs   Final Output (Short Version)   
Enter the Ground Temperature (F) 62.6 Total Heat Flow (BTU/hr) =  713.94 
Enter the Internal Chamber Temperature (F) 19 Estimated N2 usage (lbm/hr) =  4.62 
Enter the Snow Temperature (F) 32   
    
    
Thermophysical Properties at the Specified Conditions   
(For Simplicity, Calculations are performed in and Thermophysical properties are given in SI units.)   
    
 AIR at the Film Temperature  Nitrogen at the Film Temperature 

Film Temperature (F)  = 70 Film Temperature (F)  = 37 
Film Temperature (C)  = 21.1 Film Temperature (C)  = 2.8 

Density (kg/m^3) 1.197   1.232 
Specific Heat (kJ/kg*K) 1.007  1.042 
Kinematic Viscosity (m^2/s) 1.546E-05  1.375E-05 
Thermal Conductivity (W/m*K) 2.590E-02  2.413E-02 
Thermal Diffusivity (m^2/s) 2.188E-05  1.908E-05 
Prandtl Number  0.710  0.721 
Thermal Expansion (1/K) 3.398E-03   3.624E-03 
 



 

  

 
Detailed Output      
 Exterior Wall Exterior Roof Interior Wall Interior Roof 
Rayleigh Number =  3.3519E+09 4.1898E+08 9.2145E+09 1.1518E+09 
Nusselt Number =  178.888 38.629 246.391 157.236 
Film Coefficient (BTU/hr*ft^2*F) =  0.45 0.19 0.57 0.73 
     
 Surface Area Exterior Convective Resistance Conduction Res. Interior Convective Res. 
Location  (ft^2) (hr*F/BTU) (hr*F/BTU) (hr*F/BTU) 
Vertical Surfaces of Snow Holder 24 0.093 0.167 0.000 
Floor of Snow Holder 9 0.000 0.501 0.000 
Vertical Surfaces of Snow Tower 72 0.031 0.069 0.024 
Roof of Snow Tower 9 0.577 0.841 0.152 
     
Location Total Resistance (hr*F/BTU) Heat Flow (BTU/hr)   
Vertical Surfaces of Snow Holder 0.260 165.33   
Floor of Snow Holder 0.501 61.13   
Vertical Surfaces of Snow Tower 0.124 451.80   
Roof of Snow Tower 1.570 35.67   
     
 Total Cooling Load     
 (BTU/hr)  =   713.94   
 Estimated N2 Use (lbm/hr) =  4.62   
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