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Abstract. Over the past few decades NASA has been developing technology to produce cryogenic propellants on the surfaces of the Moon or Mars. In-situ propellant production reduces the amount of propellants needed to be taken to Moon/Mars and ultimately reduces mission cost. Utilizing Lunar/Martian resources, the produced gases are liquefied and stored prior to use on the ascent vehicle. This paper presents a model for the liquefaction process of gaseous propellants in a cryogenically refrigerated tank. The tank is cylindrical with elliptical top and bottom domes. A transient model is developed based on the mass and energy conservation principles and wall-gas and liquid-gas interfacial mass and heat transfer correlations. The model is incorporated into the Generalized Fluid System Simulation Program (GFSSP), an MSFC in-house general-purpose computer program for flow network analysis.  Description of the model and comparison of predicted results with available test data is presented.
1. Introduction

Future space missions require living and working for months or years with limited immediate access to critical supplies such as life support commodities and needed propellants from Earth. Therefore, in-situ resource utilization (ISRU) and related technologies, infrastructure, and safe operation are critical. ISRU is the use of local materials to support exploration missions. ISRU can provide materials for life support, propellants, and energy to a spacecraft payloads or space exploration crews. Using available resources of the Moon or Mars can enable substantial reductions in the mass, cost, and risk of human space exploration that include life support (oxygen and water) and propellant (oxygen, hydrogen, and methane) consumables which are critical for sustaining autonomous or human activities, space propulsion, and power systems in long-term missions. These precious commodities may be derived from space resources such as the highly concentrated carbon dioxide in the Martion atmosphere and water deposits on the Lunar and Martian surfaces [1 and 2].
NASA has been developing technology that would allow production and manufacturing of cryogenic propellants on the Lunar and Martian surfaces. Utilizing Lunar/Martian resources, the produced gaseous propellants must first be liquefied and stored prior to use on the Moon or Mars Ascent Vehicle. With the recent developments in ISRU technology, and the push to operate crewed space missions deeper into space beyond Low Earth Orbit (LEO), greater understanding of the liquefaction processes of gaseous propellants, and improved capability to model such processes, is required to ensure mission success. 

Liquefaction is a combination of convection and condensation processes. Both processes must be modeled in detail. This paper is based on modeling efforts for liquefaction processes, using detailed empirical heat transfer correlations. The development of a unique and new capability that can be incorporated in GFSSP for fast scoping simulations is described. The objectives are: 1) to develop a model for the liquefaction process of gaseous propellant inside a cryogenically refrigerated elliptical tank; and 2) to enhance capabilities utilized by engineers for design, analysis, and evaluation of enabling technology advancements for Moon and ISRU liquefaction processes.
2. Modeling Approaches
2.1 Condensation Process
Consider a cylindrical tank comprised of ellipsoidal or spherical cap top and bottom sections, in 1-g environment. The tank is supplied continuously with a constant mass flow rate of GN2 from a source at specified constant pressure and temperature. Furthermore, the tank wall is refrigerated uniformly at a constant temperature below saturation of the ullage inside of the tank. Ullage is a single species gas (GN2 in this study). We assume that film condensation occurs on the walls, and the condensation processes are relatively slow so that quasi-steady models can be applied.  

The generic quasi-steady condensation process is schematically shown in Figure 1 (borrowed from [3]), where a liquid condensate interacts with a vapor phase.  Generally, and in principle, we deal with thermal resistances in the liquid and on the vapor side.  Film condensation empirical correlations often address the liquid side only and lump the entire liquid side thermal resistances into one resistance (the reciprocal of the condensation heat transfer coefficient).  One may thus write:
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represents the convection heat transfer coefficient between the vapor bulk and interphase, and [image: image5.wmf]FI
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is the condensation heat transfer coefficient which represents the liquid side resistance in its entirety.

When the condensation involves a pure and single component fluid the interphase temperature will be equal to the saturation temperature corresponding to the local pressure:
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The above equations, when solved with appropriate correlations for heat transfer coefficients, will correctly predict whether condensation or evaporation will take place.  Accordingly, we will have condensation when[image: image7.wmf]0
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Note that Eqs (2) and (3) do not account for the effect of mass transfer (caused by phase change) on heat transfer at the vapor-liquid interphase.  This is justified for now, given the uncertainties and approximations in the models.  However, the convection heat transfer coefficients can easily be modified to account for the effect of mass transfer by applying the Couette flow film model [3 and 4].
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Figure. 1.  Temperature profile during film condensation on a cold surface when the vapor is
                   superheated [3].
When the Ullage vapor reaches saturation, the temperature profiles will be similar to Fig. 2.  In this case the thermal resistance on the vapor side will be negligible and:
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Figure 2.  Temperature profile in the condensate during condensation of a saturated vapor [3].

2.1.1 Vertical Surfaces
The liquid side heat transfer coefficient is found from [5, 3]
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where l represents the height of the segment of the tank on which film condensation is underway, and the condensate film Reynolds number is defined as
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The parameter 
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represents the mass flux per unit width.  The above correlation is valid for 
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For the vapor-side free convection is assumed and the correlation of Churchill and Chu [6] is applied [3]
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where the Rayleigh number is defined as
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where 
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 are the vapor kinematic viscosity and thermal diffusivity, respectively, and β is the coefficient of volumetric expansion for vapor. 

2.1.2 Ullage-Condensate Pool at the Tank Bottom
Two simplifying assumptions are made here:  (1) heat transfer on the liquid side is due to conduction   through the liquid pool; and (2) free convection occurs in vapor.  Thus, for the liquid side we have  
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where 
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 in the depth of the liquid pool. For the vapor side, we use [4]
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where the reference length that is used in the definition of Nusselt and Rayleigh numbers is defined as
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, where S and p represent the area and perimeter of the vapor-liquid interphase, respectively. 

2.1.3. Tank Ceiling                                                                                                                                       The ceiling of a cryogenic tank is likely to be an ellipsoidal dome.  In this study a method has been developed for the calculation of the average liquid-side condensation heat transfer coefficient (
[image: image29.wmf]F

H

) based on the following simplifying assumptions: (1) a laminar and smooth condensate film forms on the downward-facing axi-symmetric ceiling, which remains coherent everywhere, and (2) the curved ceiling is a spherical cap.

Laminar, filmwise condensation over curves axi-symmetric surface has been modeled by Lienhard and Dhir [7] who applied the integral method to derive a general solution for condensation on an upward-facing axi-symmetric surface when the condensate film remains laminar and smooth everywhere.  Their solution is applicable for a variable gravitational acceleration.  Although originally developed for the top of a curved surface, their solution is directly applicable for filmwise condensation underneath an axisymmetric curved surfaces as well, as long as the condensate film remains coherent and smooth.  

The developed method in this study is thus an extension of the solution in [7] for film condensation underneath a spherical cap.  Figure 3 is a schematic of a spherical cap. Accordingly, the average condensation heat transfer coefficient for the entire cap is found from,
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Figure 3.  Schematic of the spherical cap.
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where 
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The parameter 
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represents the condensate mass flow rate, per unit length, and 
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is the condensate film thickness, both at the edge of the spherical cap.  The “effective” gravitational acceleration, is calculated from:

         
[image: image38.wmf](

)

(

)

4

1

4

1

3

3

3

0

tansinsin

effcxcc

c

a

gRgagRRd

Rb

fqq

F

-

éù

=

éù

êú

ëû

-

ëû

ò

(19)

where 
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3. GFSSP Model
Applying the aforementioned approach, a transient model is developed whereby the condensate liquid mass for each segment of tank, namely top, cylindrical, and bottom sections is calculated. The model assumes that all condensate liquid is collected at bottom of the tank. The model is incorporated into the User Subroutine of GFSSP [8]. GFSSP has been developed at NASA-MSFC as a general fluid flow system solver capable of handling phase changes, compressibility, mixture thermodynamics, and transient operations. GFSSP employs a unique numerical scheme known as simultaneous adjustment with successive substitution, which is a combination of Newton-Raphson and successive substitution methods. The mass and momentum conservation equations and the equation of state are solved by the Newton-Raphson method while the conservation of energy and species are solved by the successive substitution method. The details of the mathematical formulation and solution method are described in [8].

The GFSSP model, as shown in Figure 4, consisting of a boundary node, Node 1, and an internal node, Node 2, representing GN2 supply source and ullage portion of the tank, respectively. Node 1 supplies specified mass flow rate of GN2 through valve 12 to the refrigerated tank with specified temperature and pressure. The condensate liquid on each segment of tank and total collected liquid mass at the bottom of tank are calculated in the User Subroutine. 
[image: image40.emf]
Figure 4. GFSSP Model.

4. Results and Discussions

Initially a generic liquefaction model was developed and the effects of tank wall temperature and tank pressure on the liquefaction performance was evaluated analytically which was reported by Koch et. al. [9]. For the presented work, the focus is on comparison of the model predictions with available LN2 CryoFILL test data. Funded by NASA’s Advanced Exploration Systems and managed under the Advanced Cis-Lunar Space Capability Project, the Cryogenic Fluid In-Situ Liquefaction for Landers (CryoFILL) multi center team was formed to develop a liquefaction and storage system that is efficient, reliable and scalable [10].  A series of GN2 liquefaction testing was conducted at Marshall Space Flight Center (MSFC) in 2018-2019.
The related test set up and procedure documents and test data were obtained from personnel involved with the testing [11 and 12]. Three cases representing low, mid, and high fill levels were selected. The LN2 fill level, average GN2 supplied inlet temperature and pressure, GN2 supplied mass flow rate, and average tank wall temperature for each test are presented in Table 1.
Table 1. Testing conditions for three selected cases.
	Test #
	LN2 Fill Level

%
	GN2 Inlet Temp.

K
	GN2 Inlet Press.

kPa
	GN2 flow rate

kg/hr
	Tank Wall Temp.

K

	1
	0.43 - 6.76
	269.35
	124.8
	0.4545
	68.52

	2
	49.64 – 54.25
	293.98
	105.8
	0.4545
	73.75

	3
	89.64 - 94.07
	271.16
	101.3
	0.4545
	76.20


For each test case, the data from the above table was incorporated into the developed GFSSP model. Comparisons between the model prediction and test data for LN2 condensate liquid mass for each fill level case after 400,00 seconds (~ 4.5 days) are depicted in figures 6-8.
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Figure 5 shows comparison between the predicted LN2 condensate mass by the model with that of data for low fill level. The initial LN2 mass is 4.64 kg. After 400,000 seconds, the measured accumulated LN2 is about 50.05 kg. The model predicted LN2 condensate mass is about 63.3 kg, showing an overprediction of about 22.6%.
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Figure 5. LN2 condensate mass histories for low fill level.
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Comparison between model predictions and the test data for mid fill level is presented in Figure 6. Initially, the tanks contained 532.1 kg of LN2., and after 400000 seconds the accumulated mass during testing is about 581.7 kg. The predicted LN2 condensate mass is about 587.1 kg indicating an overprediction of only about 9.8%.Figure 7 depicts comparison between model predictions and test data for the high fill level test. In this case the initial LN2 mass in the tank is about 961.05 kg, which after 400,000 seconds it increases to about 1008.5 kg while model predicts 1012 kg. The discrepancy between the model and experiment is only about 6.9%.
Figure 6. LN2 condensate mass histories for mid fill level.

Figure 7. LN2 condensate mass histories for high fill level.
5. Summary
A model for the liquefaction process of gaseous propellants in a cryogenically refrigerated tank is developed. The tank is cylindrical with elliptical top and bottom domes. The developed transient model is based on the mass and energy conservation principles and wall-gas and liquid-gas interfacial mass and heat transfer models. The model is incorporated into the GFSSP, an MSFC in-house general-purpose fluid analyzer. The model predictions were compared with the LN2 CryoFILL test data for low, mid, and high fill level cases. Comparisons of predicted condensate liquid (LN2) mass values with the test data for 0.43%, 49.64%, and 89.64% initial fill level tests resulted in model overpredictions of 22.6%, 9.8%, 6.9%, respectively.
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