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University of Washington

Abstract

Thermodynamic Modeling and Mechanical Design of a Liquid Nitrogen Vaporization and
Pressure Building Device

Brian J. Leege

Chair of the Supervisory Committee:
Dr. Carl Knowlen, Research Associate Professor
William E. Boeing Department of Aeronautics & Astronautics

The design of a liquid nitrogen vaporization and pressure building device that has zero product
waste while recovering some of its stored energy is of interest for the cost reduction of nitrogen
for use in industrial processes. Current devices may waste up to 30% of the gaseous nitrogen
product by venting it to atmosphere. Furthermore, no attempt is made to recover the thermal
energy available in the coldness of the cryogen. A seven step cycle with changing volumes and
ambient heat addition is proposed, eliminating all product waste and providing the means of
energy recovery from the nitrogen. This thesis discusses the new thermodynamic cycle and
modeling as well as the mechanical design and testing of a prototype device. The prototype was
able to achieve liquid nitrogen vaporization and pressurization up to 1000 psi, while full cycle

validation is ongoing with promising initial results.
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Chapter 1. INTRODUCTION

Nitrogen is an inert gas that is used extensively throughout several industries for manufacturing
and production processes. Its uses range from blanketing gases for metals production or
machining processes, to purging systems for pharmaceutical or chemical production processes
[1]. To improve the economics of transporting nitrogen to the end user, nitrogen is shipped as a
cryogenic liquid (LN) due to its gaseous to liquid volume ratio of about 700:1. While on site at
an industrial facility, the LN» is stored in large vacuum-insulated dewars. Since many
production processes require gaseous nitrogen near room temperature, a device is needed to
vaporize and heat up the nitrogen. In addition, many users need the nitrogen pressurized up to a
few hundred psi greater than the pressure of the supply dewar.

Currently, these vaporization and pressure building devices operate on a cycle that requires
venting the nitrogen product to atmosphere, resulting in up to 30% product loss. This research
focuses on designing a new cycle and mechanical device that can produce the pressurized
gaseous nitrogen with zero product loss. In addition, this research seeks to take advantage of the
large energy potential of the LN2 and recover as much energy from it as possible. To this end,
we attempt to utilize additional ambient heating to over-pressurize the nitrogen and expand it
through a generator to produce power. These two improvements could significantly reduce
product waste and the overall cost of nitrogen for the end users. The resulting device is
essentially a liquid nitrogen powered engine. The concepts studied in this thesis build off the

previous work on liquid nitrogen powered automobiles at the University of Washington

[21[3][41
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The pressure builder designs discussed in this thesis make use of a novel ambient heat
exchange system to achieve the required room temperature nitrogen output. EXxisting heat
exchanger systems cannot warm the nitrogen up to ambient temperatures without significant
icing on their surfaces, requiring multiple heat exchanger systems that must be alternatively
cycled for deicing between uses. The new “frost-free”” ambient vaporizer heat exchanger system
builds off of concepts developed at the University of Washington and its study of liquid nitrogen
automobiles and is discussed in the thesis by Kimura [5][6].

The goal of this work is twofold: develop and model a new thermodynamic cycle for the
vaporization and pressure building of LN>, and to design, fabricate, and test a prototype device in
lab. The new device must be able to pressurize LN2 from a 200 psi supply dewar up to a at least
1000 psi and discharge gaseous nitrogen at a nominal mass flow rate of 10 g/s, without venting
any nitrogen to atmosphere. While a turbine generator is considered in the design and modeling
of the proposed thermodynamic cycles, the mechanical design and integration of a turbine into
the prototype is not explored in this work. The thermodynamic cycle development and modeling
is discussed in Chapter 2 while the mechanical design of the prototype is discussed in Chapter 3.
Testing and validation, as well as the relevant conclusions and future work are discussed in

Chapter 4 and Chapter 5, respectively.
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Chapter 2. THERMODYNAMIC CYCLE DESIGN AND MODELING

This chapter begins by discussing the generalized thermodynamic cycle used by pressure
building devices in industry today. Two alternative cycles are then proposed. First, a cycle
utilizing cryogenic refrigeration is discussed, followed by its model development and some basic
results. The modeling results elucidated an issue with the cryogenic refrigeration design, leading
to the second cycle design utilizing changing pressure builder volumes. Then, model
development for the second cycle design is discussed, followed by more detailed results of the

whole cycle as well as each individual process.

2.1 EXISTING THERMODYNAMIC CYCLE

The generalized thermodynamic cycle for existing pressure builders consists of four repeating
steps: (1) mass fill, (2) pressure building, (3) discharge, and (4) pressure reduction. Step (1) is a
straightforward process where the pressure builder volume is filled with LN2 from the supply
dewar. This process was not altered in any of our designs or models.

Step (2) is the process of vaporization and pressure building, usually achieved by ambient
heat addition. This process utilizes the large temperature difference between the cryogenic fluid
and the ambient surroundings to provide heat to vaporize the liquid cryogen, rapidly building
pressure. Once vaporized, the cryogenic gas is further heated to generate an even higher
pressure and to maintain a constant, high pressure during discharge in step (3).

The pressurized gas is discharged from the pressure builder in step (3). This is achieved, as
stated above, by utilizing ambient heat addition to maintain a constant pressure during discharge.

This process proceeds until the pressure builder reaches a state at which the reduced temperature

www.manaraa.com
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difference with the surroundings is unable to sustain a high enough rate of heat input to achieve
the desired output flow rate.

Finally, in step (4), the high-pressure gas that remains in the pressure builder after discharge
must have its pressure reduced below the dewar supply pressure. This pressure reduction of the
remainder gas allows the process to close and be repeated. Current industrial machines achieve
this step by simply venting the remainder gas to atmosphere, wasting the product. This step is
the primary focus of this study as it is desirable to achieve this pressure reduction without

wasting any product.

2.2 CRYOGENIC REFRIGERATION AS A METHOD FOR PRESSURE REDUCTION

The first method of pressure reduction considered was cryogenic refrigeration. This method
would utilize a closed refrigeration loop that would cool the remainder gas down, so that the
pressure drops below that of the supply dewar. This results in a saturated mixture of liquid and
gaseous nitrogen in the pressure builder volume, thus the “cryogenic refrigeration” moniker.
This process would achieve pressure reduction to allow for mass fill, while eliminating all
product loss. Due to the mechanical design challenges involved with cryogenic refrigeration, the
mechanical design of the refrigeration cycle was ignored while a simple thermodynamic model

was considered to determine the feasibility of its implementation into the overall cycle.

2.2.1  Cryogenic Refrigeration Cycle Design and Modeling

The proposed cryogenic refrigeration cycle has four steps and the working fluid is assumed to be
nitrogen. At state (1), low pressure, saturated vapor is pumped up to high pressure, achieving
state (2). The high pressure and relatively warm nitrogen then rejects heat at constant pressure

into the pressure builder volume, reaching state (3). Note that this heat rejection step requires an
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extra step be added to the overall thermodynamic cycle and will be addressed in the next section.
It is assumed that heat is rejected until the working fluid in the refrigeration cycle becomes a
saturated liquid. The working fluid is then expanded through a throttle valve, providing further
cooling, ending at state (4). Finally, the cooled, low pressure nitrogen absorbs heat from the
pressure builder volume, cooling the remainder gas in the pressure builder and returning to state
().

A model was developed using the cycle and the assumed states described above. A low
pressure of 65 psi was chosen, corresponding to a saturation temperature of 93 K, which is a
temperature low enough to allow sufficient heat transfer to cool the remainder gas, lowering the
pressure below the expected supply dewar pressure of 200 psi. The pump compression ratio and
efficiency were assumed to be 4 and 80%, respectively. The cycle is solved using
thermodynamic property lookup tables for each state and the process for solving refrigeration
cycles as described in the text by Cengel and Boles [7].

There are two important results from this model. First, the two temperatures of the heat
exchange process are needed to determine the physical viability of the refrigeration in the overall
thermodynamic cycle. The heat absorption occurs at T: = 93 K, as prescribed above. Heat
rejection occurs at Tz = 114 K, the saturation temperature at the high pressure of 260 psi. This
means that in order for the heat rejection step to be physically possible, the nitrogen in the
pressure builder volume must remain below 114 K while it absorbs the rejected heat. The
second important result is the ratio of heat rejection to heat absorption, Q,., obtained by the
following equation.

_ hy—h3

= (2.1)

www.manaraa.com
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In the above equation, h,, h,, hs, and h, are the enthalpies at each state. @, is 1.4 for the
proposed cycle and is used in the overall cycle model to determine the amount of heat that needs
to be added back into the nitrogen in the pressure builder, given the amount of heat rejected in
the pressure reduction step. This is critical to ensuring that the refrigeration process remains a
closed cycle. The full thermodynamic cycle with the added steps for refrigeration will be

discussed in the next section, followed by a discussion of the thermodynamic modeling.

2.2.2  Modification of Thermodynamic Cycle with Refrigeration Cycle Included

The existing four-step thermodynamic cycle must be modified to accommodate for the
refrigeration cycle. As discussed in the previous section, an additional step must be added to
account for the heat rejection portion of the refrigeration cycle. Also, because the heat rejection
and heat absorption steps of the refrigeration cycle occur simultaneously between two pressure
builder volumes at different states, multiple pressure builders are required. Due to the timing of
the additional steps, there must be at least three connected pressure builders for the cycle to
work. Thus, for this pressure building concept, three pressure builders are assumed to always be
in use. Now that multiple pressure builders are being considered, it makes sense to add a venting
step from a pressure builder at higher pressure to a pressure builder at lower pressure as a pre-
cooling, pressure reduction step. This both reduces the pressure and the amount of mass in the
pressure builder, reducing the load on the refrigeration cycle. Reducing the refrigeration load
will prove critical to the viability of this cycle, as will be discussed later.

The modified cycle now consists of seven steps that must be appropriately sequenced

between three separate pressure builders. The full list of cycle steps is shown in Table 2.1.
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Table 2.1. Thermodynamic Cycle Processes with Cryogenic Refrigeration

Process # Process Description

1 Mass fill from supply dewar

Refrigeration — Heat addition
Vent fill from higher pressure volume
Pressure building by ambient heat addition
Discharge by constant pressure heat addition
Vent remainder of gas to lower pressure volume

Refrigeration — Heat rejection for pressure reduction

N[0~ W

Processes (1), (4), and (5) are unchanged from the existing cycle design. Processes (2) and (7)
are both steps of the refrigeration cycle and must be carried out simultaneously with the opposite
step in another pressure builder. Processes (3) and (6) are the same pressure builder-to-pressure
builder venting process where direction of the process is switched. The cycle sequence for three
pressure builders is shown in Table 2.2.

Table 2.2. Thermodynamic Cycle Timeline with Cryogenic Refrigeration and Three Pressure

Builders
Process # Description
PB1 PB2 PB3
1 - 4/5 Add LN to PB1, Build pressure and discharge PB3
5 v i Refrigeration cycle between PB1 and PB2
(Remove heat from PB2 and add heat to PB1)
3 - 6 Vent from PB3 to PB1
4/5 1 - Add LN to PB2, Build pressure and discharge PB1
) 5 7 Refrigeration cycle between PB2 and PB3
(Remove heat from PB3 and add heat to PB2)
6 3 - Vent from PB1 to PB2
- 4/5 1 Add LN to PB3, Build pressure and discharge PB2
7 _ 9 Refrigeration cycle between PB3 and PB1
(Remove heat from PB1 and add heat to PB3)
- 6 3 Vent from PB2 to PB3

www.manaraa.com
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Note that the highlighted rows represent a single physical process that occurs between two
pressure builders. Table 2.2 also shows that at least three pressure builders are needed to

complete the cycle without venting any nitrogen to atmosphere.

2.3 DEVELOPMENT OF THERMODYNAMIC CYCLE MODEL WITH CRYOGENIC

REFRIGERATION

A model for the thermodynamic cycle with cryogenic refrigeration was developed using the first
law of thermodynamics [7]. Each process in the cycle was modeled individually, maintaining
the conservation of energy throughout. The flowchart for the full cycle model is shown in Figure
2.1 below. As shown in Figure 2.1, the need for iteration comes from the pressure builder-to-
pressure builder venting model, which requires knowledge of a later state in order to carry out
the calculations. The model and associated assumptions for each individual process is discussed
in the sections below, following the order shown in the flowchart.

The modeling was done using MATLAB software in conjunction with REFPROP.
REFPROP is a NIST developed software and thermodynamic property database, used in this

case for nitrogen property lookups [8].
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N Use results ﬁm{pmﬂ'ms iteration
Aosme state for second 1o set the initial state of the second
B Torprocess pressure builder in process 6

L

Process 6
Vent remainder gas to lower pressure volume

|

Process 7
Refrigeration— Heat mjection for presswe
reduction

Process 1
Mass fill from supply dewar

l

Process 2
Refrigeration — Heat addition

r

Process 3
Vent fill from higher pressure voheme

sy and nmss after process 3
those of previous itemtion?

Process 4

Process 5
Discharge to system by constant pressure heat
addition

=D

Figure 2.1. Flowchart for the Thermodynamic Cycle Model with Cryogenic Refrigeration.
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2.3.1  Pressure Builder-to-Pressure Builder Vent (Process 6)

The pressure builder-to-pressure builder venting model simulates the venting from the first
pressure builder at high pressure into a second pressure builder at lower pressure. For simplicity,
the process is assumed to be adiabatic, although, given a known heat input, this model could be
modified to include a heat leak. The first law can be written as
E—dE =E' (2.2)

where E is the initial energy, dE is the change in energy, and E’ is the final energy of the volume
after some small time. Since the states in both pressure builders change as the mass is
transferred, small mass steps, dm, must be taken to simulate the process, accounting for the new
states after each step. A mass step of 0.1 g was used to achieve convergence for this model, as
well as all subsequent models that utilize mass steps. Thus, Eq. (2.2) for the first pressure
builder (PB1) can be written as

myu; —dmhy = (my —dm)yy (2.3)
where m; is the initial mass in PB1, u, is the initial internal energy in PB1, h; is the initial

enthalpy in PB1, and u; is the new internal energy in PB1. Solving Eq. (2.3) for u; yields

1 mlul—dmhl
W= (2.4)
The new density in PB1, p1, is given by
, —d
ph = —m1V n (2.5)

where V is the volume of the pressure builder. Using the new internal energy and density inside
PB1 given by Egs. (2.4) and (2.5), the new thermodynamic state in PB1 can be determined
through property lookup tables. This process is repeated for a series of small steps in mass until

the total mass transfer is achieved.
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The state change in the second pressure builder (PB2) is determined by the mass and energy
change in PB1. Assuming an adiabatic process with no external work, the energy change, dE,
from PB1 is the change in energy in PB2 and Eq. (2.2) still applies. Rewriting Eq. (2.2) for PB2
yields
myu, + dmhy = (m, + dm)u, (2.6)
where m, is the initial mass in PB2, u, is the initial internal energy in PB2, h; is the initial

enthalpy in PB1, and u; is the new internal energy in PB2. Solving Eqg. (2.6) for u; yields

r mou,+dmhq
Uz = my+dm (2.7)
The new density in PB2, p5, is given by
pi =T (2.8)

The new internal energy and density in PB2, given by Egs. (2.7) and (2.8), can be used to solve
for the new thermodynamic state via property lookup tables. This process is also repeated for
each small step in mass.

The above procedures are repeated until the pressures in both pressure builders equalize,
indicating a cessation of mass transfer. The initial state in the first pressure builder is set by the
user. The initial pressure is set at the discharge pressure of 1000 psi. The volume is chosen by
the user, setting the size scale for the model. The initial temperature was chosen to be 190 K,
limiting the required heat load for discharge. The choice of this temperature will be further
discussed with other results in Section 2.4. The pressure, temperature, and volume chosen above
set the initial thermodynamic state in the first pressure builder.

The initial thermodynamic state of the second pressure builder must be converged upon by

iteration, as discussed in the section above. The pressure is initially assumed to be the supply
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dewar pressure and a reasonable mass, with respect to the chosen size scale of the model, must
also be assumed. Results from this model are passed on to the heat rejection model, as shown in

Figure 2.1.

2.3.2 Refrigeration — Heat Rejection (Process 7)

The heat rejection phase of the pressure building cycle is the step where the remainder gas is
reduced to a pressure below that of the supply dewar. Heat is rejected through the refrigeration
cycle discussed in Chapter 2.2. The initial state is determined from the output of the previous
step (pressure builder-to-pressure builder vent). It is also assumed that there is no heat transfer
with the surroundings and no external work. Since there is no mass transfer, the final state can
be directly determined by setting the desired low pressure. A low pressure of about 90 psi was
chosen to allow for sufficient mass fill during the next step. Given the new low pressure and the
mass of nitrogen in the pressure builder, the final state is defined and all other properties can be

found. The amount of heat rejected, Q,..;, can now be calculated.

Qrej = m(u - u,) (29)

The heat rejected is used later, along with the heat ratio from Eqg. (2.1), to determine the required
amount of heat addition for the second part of the refrigeration cycle. The final state of the heat

rejection process is passed on to the mass fill model, as shown in Figure 2.1.

2.3.3  Mass Fill from Supply Dewar (Process 1)

The next step in the thermodynamic cycle is the mass refill from the supply dewar. Since this
step involves mass transfer, small changes in state must be calculated in sequence, similar to the
pressure builder-to-pressure builder vent model. The initial state is taken from the heat rejection

model output and it is assumed to be an adiabatic process with no external work.
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The mass fill process is modeled like the pressure builder-to-pressure builder vent process,

except that it is assumed that the supply is a reservoir, having constant thermodynamic
properties. Thus, the energy balance for the pressure builder in Eq. (2.2) can be rewritten as

mu + dmhs = (m + dm)u’ (2.10)

where m is the mass in the pressure builder, u is the internal energy of the pressure builder, dm

is the differential change in mass, hy is the enthalpy of the supply dewar, and u’ is the new

internal energy in the pressure builder. Therefore, dmh is the energy transferred into the

pressure builder at each step and remains constant throughout the process. Solving for v’ in Eq.

(2.10) gives

! = mutdmhs (2.11)

m+dm

The new density in the pressure builder can be written as

p, — m+Vdm . (2.12)
The new thermodynamic state is defined by these two quantities and the rest of the state
properties can be obtained. This process is repeated until the pressure builder pressure reaches

that of the supply dewar, stopping mass transfer. The final state of this process is then passed on

to the heat addition model, as shown in Figure 2.1.

2.3.4  Refrigeration — Heat Addition (Process 2)

The heat addition part of the cycle is the process where heat is rejected from the refrigeration
cycle and added to the pressure builder, thus closing the refrigeration cycle. Like the heat
rejection process, the change in state can be directly calculated from using the total amount of
heat addition since there is no mass transfer. It is assumed there is no heat transfer with the

surroundings or external work.
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The required amount of heat addition is calculated using the total heat rejected and the heat
ratio as determined by Eqgs. (2.9) and (2.1), respectively. Thus, the required heat addition, Q,44,
is
Qaad = QrejQr - (2.13)
Knowing Q,44, (2.2) can be rewritten as
mu + Qgqq = mu’ (2.14)
where m is the mass in the pressure builder, u is the initial internal energy in the pressure
builder, and u' is the final internal energy in the pressure builder. Solving for u’ in Eq. (2.14)

gives

y! = Tledd (2.15)
Since mass is constant, density is constant, and the new thermodynamic state can be obtained
using the new internal energy and density.

The final state of this process is the initial state of the second pressure builder in the pressure
builder-to-pressure builder vent process discussed in section 2.3.1. To ensure consistency within
the overall model, these states must match. Therefore, the four processes discussed above are
repeated until the states converge. Acceptable convergence was determined to be when the
pressure difference was less than 1 psi and the mass difference was less than 10 grams. In each
iteration, the final state calculated from the heat addition model was used for the initial state of
the second pressure builder in the pressure builder-to-pressure builder venting model. In most

cases, the model converged after less than seven iterations. After convergence is achieved, the

remaining steps in the cycle can be modeled.
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2.3.5  Pressure Builder-to-Pressure Builder Vent (Process 3)

The pressure builder-to-pressure builder vent process is identical to the previously modeled
process discussed in section 2.3.1, except in this step the pressure builders are switched. That is,
in this step, the pressure builder receives mass from a higher pressure volume. To avoid
redundancy and to reduce calculation time, the results from the previously converged model are
used by switching the results between pressure builders. The final state of this process is passed

on to the pressure building by heat addition model, as shown in Figure 2.1.

2.3.6  Pressure Building by Heat Addition (Process 4)

Pressure building by ambient heat addition is the next step in the cycle. During this process, the
nitrogen in the pressure builder is heated until it reaches the required discharge pressure of 1000
psi. This process was modeled by taking incremental step increases in pressure up to max
pressure in order to track the change in temperature throughout the process. The temperature is
important because the heat addition requires a temperature difference with ambient air in order to
drive the rise in pressure. A pressure step of about 1.5 psi was used in the numerical solution of
this model.

At each pressure step, the density remains constant since there is no change in mass. Given
the known pressure and density at each step, the remaining thermodynamic properties can be
obtained. The heat addition at each step, dQ, is also calculated using

dQ = m(u' —u) (2.16)
where m is mass, u’ is the final internal energy, and u is the initial internal energy. This heat

input can be added up for the entire process to help determine the required heating load for the
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process. These steps are repeated until the pressure reaches the required discharge pressure. The

results of this model are passed on to the discharge model, as shown in Figure 2.1.

2.3.7  Discharge to System by Constant Pressure Heat Addition (Process 5)

The final step in the model is discharge to ambient heat exchange system by heat addition at
constant pressure. Since mass leaves the system during this process, an incremental approach
must be taken. In this case, since the mass flow rate is the required 10 g/s discharge, small steps
in time are used. For model convergence, a time step of 0.1 seconds was used, corresponding to
a mass step of 1 gram. The entire discharge occurs at constant pressure. It is also assumed that
there is no heat transfer with the surroundings and no external work.

At each step the pressure is constant and the mass change in known, so the new density can

be calculated as

p = (2.17)
where m is the initial mass and dm is the change in mass. Knowing the pressure and density, the
rest of the thermodynamic properties can be obtained. To find the heat addition that ensures the
constant pressure discharge, the first law of thermodynamics is used and Eq. (2.2) is rewritten as

mu +dQ — dmh = (m —dm)u’ (2.18)
where dQ is the heat added, h is the enthalpy in the pressure builder, and u' is the final internal
energy in the pressure builder. Solving Eq. (2.18) for dQ gives

dQ = (m —dm)u’ + dmh — mu . (2.19)
The heat addition is tracked in order to determine the net required heat input to drive the
discharge process while maintaining desired flow rate and pressure. This procedure is repeated

at small time and mass steps until the assumed initial state is reached.

www.manaraa.com



23

2.4 RESULTS OF THERMODYNAMIC CYCLE MODEL WITH CRYOGENIC

REFRIGERATION

The individual process models discussed in Section 2.3 were combined into a single,
comprehensive model that was used to study the proposed cycle. The model, following the
flowchart shown in Figure 2.1, was able to converge on multiple closed, self-consistent solutions
for the cycle, representing a wide range of input parameters and cycle design decisions.

First, the results of the discharge model were of primary importance to establish a suitable
“initial state” for the cycle. Specifically, the temperature of the initial state, immediately after
discharge from the pressure builder, was needed to define the initial state at which the model
could begin. The discharge process was modeled for a variety of flow rates and physical size
scales to determine a suitable end temperature for discharge. Figure 2.2 below shows the heat
power required for one case on a laboratory scale model, discharging 500 g of nitrogen at 10 g/s
and 1000 psi. The required heat power spikes initially, reduces to a minimum, then rises linearly

with temperature. This trend was seen regardless of the size scale and the mass flow rate.

16

=
o
T

-
P
T

Heat Power [k'W]
=] o =]
N [=3} =] -

o