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ABSTRACT 
This paper presents a case study of using FLOCAD to model the heat transfer and boiling flow behavior of a Liquid Nitrogen (LN2) ground station equipment heat exchanger. The unique aspect of this work is that is one of very few studies documenting the use of FLOCAD in the spacecraft thermal control community. The results of the simulations described herein were used to guide and plan the execution of thermal vacuum testing spacecraft hardware using a ground test heat exchanger such as the one modeled herein. The paper will review the theory of two-phase boiling flow and correlations used by SINDA/FLUINT as well as the terminology and nomenclature used within Thermal  Desktop / FLOCAD  regarding two-phase boiling flow heat transfer modeling and simulation. Results for using the ground station heat exchanger as a heat sink in a thermal vacuum test set up are shown in order to demonstrate the set-up and execution of a typical FLOCAD model. Results indicate that properly modeling of the two-phase behavior is critical in order to ascertain the time constant associated with the heat exchanger, as well as understanding the temperature distribution across the test equipment and prediction of required LN2 flowrates to be used during testing. The paper is meant to augment the FLOCAD user’s manual and serve as a tutorial for thermal engineers and analysts wishing to learn and apply FLOCAD to industrial problems.
Nomenclature
LN2	Liquid Nitrogen
P	Pressure
T	Temperature
X	Quality

	Mass Flux
	Baker map gas phase parameter
	Baker map liquid phase parameter
T/t	Cool down rate
INTRODUCTION
This paper presents a case study of using SINDA/FLUINT FLOCAD for modeling the boiling heat transfer phenomena in a ground station heat exchanger.   Previous investigations have been published documenting the use of SINDA/ FLUINT and Thermal Desktop FLOCAD to model two-phase flow situations. The study of [1] presents a SINDA/FLUINT thermal model of a two-phase refrigerant pumped loop cooling system. The study of [2] presents a study of the performance of heat pipes, printed circuit boards and a forced air cooled heat sink using Thermal Desktop / FLOCAD.   The study of [3] describes the thermodynamic modeling using SINDA/FLUINT for an upper stage tank including stratification effects. The next section of the paper outlines the formulation of two-phase flows within the SINDA/FLUINT framework.
two-phase flow within sinda/fluint
Figure 1 shows a Baker map (aka Baker diagram) which indicates the various flow regimes encountered in two-phase boiling flow within a horizontal pipe. As outlined in [4] the Baker diagram was pioneered for use to characterize flow behavior on petroleum based flows. 
[image: ]
Figure 1. Baker Diagram showing MREG SINDA/FLUINT boiling regimes. 


Figure 1 plots the normalized mass flux of the vapor regime against the normalized mass flux of the fluid region.  The Baker map introduces the gas phase parameter,  and the liquid phase parameter  in order to normalize the gas phase mass flux,  and liquid phase mass flux  as follows

 					 (1)

 					(2)
where the reference properties G = 1000 kg/m3, L = 1.23 kg/m3,  L=0.001 N-sec/m2, and water= 0.072 N/m are the gas density, liquid density, liquid absolute viscosity, and surface  tension [5]. Shown on Figure 1 are the various flow structures to be expected within a two-phase flow, i.e. annular, wavy, stratified, slug, plug and bubbly flows. Figure 1 also indicates the SINDA/FLUINT variable MREG, which is used in post-processing to identify the two-phase region of flow being dealt with in the simulation.  The SINDA/FLUINT software uses a variety of two-phase correlations for the modeling of the boiling flow. The SINDA/FLUINT variable IPDC (frictional pressure drop correlation number) is used to specify the two-phase frictional pressure drop correlation to be used during the simulation. Table 1 lists the values of IPDC available in SINDA/FLUINT [6].
Table 1 – IPDC Two-phase frictional pressure drop correlation variable
	IPDC
	TWO-PHASE PRESSURE DROP CORRELATION

	0
	USER INPUT FOR SINGLE PHASE FLOW

	1
	MCADAM’S HOMOGENEOUS

	2
	LOCKHART-MARTINELLI

	3
	BAROCZY

	4
	FRIEDEL

	5
	WHALLEY

	6
	FLOW REGIME BASED (SEE TABLE 2)



Under the category of IPDC = 6, the following additional variable setting associate the flow regime to the region shown in the Baker diagram of Figure 1 as shown in Table 2 which is adapted from [6]. Within SINDA/FLUINT, four generalized regimes are recognized, bubbly, slug, annular and stratified [6].  Misty annular, mist flow regimes and inverted annular are not currently implemented within SINDA/FLUINT as of Version 5.8, and no regimes include entrained droplets.  The bubbly and slug regimes are considered to be dispersed, while the annular and stratified regimes are taken to be separated. The distinction between the regimes modeled by SINDA/FLUINT includes various parameters including the liquid and vapor mass fluxes, the void fraction, the hydraulic diameter, the magnitude of body forces, fluid properties (density, viscosity, surface tension) and when no clear determination can be made the previous flow regimes.   Practically speaking, SINDA/FLUINT picks the correlation when IPDC = 6. 
Table 2 – IPDC Flow regime parameter
	IPDC 
	FLOW REGIME USED

	6-1
	 BUBBLY REGIME

	6-2
	SLUG REGIME

	6-3
	ANNULAR REGIME

	6-4
	STRATIFIED REGIME

	6-5
	AXIALLY STRATIFIED REGIME



Bubbly flow characterized by small vapor bubbles entrained in the liquid typically occur at the extremes of low gravity, high liquid mass fluxes with respect to the vapor mass flux, and low void fractions. Slug flow exhibits large bubbles that can span the diameter of the tube and are separated from one another by liquid.  Both slug and bubbly flows are typically low slip flows and approximate a homogenous flow. Here the McAdam’s correlation for homogenous flow (IPCC = 1) is used.  The annular regime of flow is characterized by a continuous vapor core encased by a continuous liquid annulus. In the majority of two-phase flow systems, annular is the most common and within SINDA/FLUINT, the Lockhart-Martinelli (IPDC = 2) correlation is used here. The stratified regime is characterized by liquid pooling in the bottom of the tube, which happened when the vapor mass flux or the liquid fraction is low enough, or the gravity body force large enough. Stratified flows are modeled using IPDC = 4 or 5 depending on the whether or not the flow is vertically or axially stratified.   The next section of the paper presents the problem set up for the modeling of the two-phase boiling LN2 flow within a ground station heat exchanger.
PROBLEM FORMULATion
The purpose of this paper is to serve as a case study of how to use the SINDA/ FLUINT Thermal Desktop/FLOCAD modeling suite of tools to simulate two-phase heat transfer in a commonly encountered application.  The motivation of the current paper stemmed from a desire to understand the flow and heat transfer behavior of a LN2 based ground test heat exchanger, which is used as a forcing function for TVAC testing of a spacecraft’s heat rejection system. Simulations of the prediction of the time constant of this ground test heat exchanger allowed the systems engineering and test implementation team to gage a better understanding of the turnaround time affiliated with testing the flight hardware. Thus, accurate predictions of the two-phase flow behavior are paramount in order to correctly inform the system engineering and test implementation team of the time constants associated with the test procedure.  The Thermal Desktop / FLOCAD geometry of the ground test LN2 heat exchanger simulated here in shown in Figure 2. Figure 2 show the heat exchanger modeled using Thermal Desktop rectangular primitives for the heat exchanger plate, and the heat exchanger piping modeled using an ATUOCAD POLYLINE PIPE entity, which was used to generate the STUBES comprising the horizontal segments of the pipe. Within SINDA/FLUINT an STUBE denote the short tube, which is a flow connector used in creating fluid flow network models in SINDA/FLUINT [6]. A plenum was used to model the inlet and exit, which are treated as reservoirs herein.
[image: ]
Figure 2. Ground test station LN2 heat exchanger FLOCAD model geometry.
A flow schematic in terms of resistors is shown in Figure 3 as a 1-d idealization of the system being modeled herein. Figure 3 shows the inlet flow of LN2 modeled as a plenum, the flow of the LN2 routed through the piping in various STUBES, and the exit flow of the LN2 modeled as a plenum.
[image: ]

Figure 3. FLOCAD model thermal network.
The implementation of the two-phase simulation is first set up by the initial condition of the LN2 at the inlet plenum. The lump state initialization is detailed in [5] and is outline here for completeness. The user specifies the inlet state of the working fluid using the thermodynamic variables pressure, P, temperature, T and quality, X.  The desired state is specified in SINDA/FLUINT as shown in Table 3. The variable XL is used to set the quality, while the variables PL and TL correspond to the pressure and temperature of the lump being simulated. In Table 3, PSAT(TL) refers to the saturation pressure at the particular temperature TL of the working fluid. The thermodynamic data for the working fluid is specified by the database of the fluid include file uploaded by the user.  The user fluid include file is uploaded in Thermal Desktop  using THERMAL -> FLUID MODELING -> FLUID SUBMODEL MANAGER -> FLOW-> PROPERTIES. Here the f6330cl_nitrogen.inc from [7] was utilized.
TABLE 3 – SINDA/FLUINT Lump State Initialization
	DESIRED STATE
	INPUT QUALITY 
	INPUT PRESSURE

	SUB-COOLED LIQUID
	XL  = 0.0
	PL > PSAT(TL)

	SATURATE LIQUID
	XL  =0.0
	PL PSAT(TL)

	TWO-PHASE
	0.0 > XL > 1.0
	PSAT(TL)

	SATURATED VAPOR
	XL = 1.0
	PL PSAT(TL)

	SUPERHEATED VAPOR
	XL = 1.0
	PL< PSAT(TL)



Herein for the LN2 T = 80 K inlet plenum, XL =0, TL = 80K and PL = 1 Pa are used to initialize the lump, which is taken as a pressure boundary.   For the inlet flow of LN2 @ T = 80 K, corresponds to a saturation pressure of Psat = 0.13687 MPa [8]. At the supply plenum, XL =0, PL  0.13687 MPa, hence per Table 3 we set PL = 1. The return (exit) plenum was modeled using XL = 0, TL = 80 K, PL = 1 Pa as a pressure boundary. The STUBEs have a flow rate of 0.1 kg/sec, which was taken from information regarding the ground test heat exchanger flow rate capabilities. A contactor is used to attach the tubes to the heat exchanger panel using a nominal heat transfer coefficient of h = 2500 W/m2-K for the contact interface and the TIE for the heat exchanger to the STUBES. 
RESULTS
In order to simulate the effect of using the LN2 ground test heat exchanger, a load which simulated that of the device under test was applied to the heat exchanger in a prescribed fashion, i.e. ramp up rate due to proximity heating of the LN2 ground test heat exchanger via radiative heating from the device under test, thus giving an external heat rate to the ground test heat exchanger.  Figure 4 shows the ground test heat exchanger FLOCAD model with specified STUBE locations used to probe the flow at various locations downstream of the inlet plenum. The STUBE.123 is located closest to the LN2 inlet. The left hand panel of Figure 4 shows the various STUBE locations, while the right hand side of Figure 4 shows the MREG SINDA/FLUINT FLOW REIGME variable reading for the STUBE as a function of time during the heating rate simulation. The flow regime of the various locations (STUBE 120, 197, 198, 300) in the heat flow show that the flow regime is developing and changing during the transient simulation.
[image: ]
Figure 4. Ground station LN2 heat exchanger STUBE flow boiling regime vs. time (left hand panel: FLOCAD STUBE monitor locations, right hand panel: STUBE flow regime vs. time)
The behavior of the flow of the LN2 at a given STUBE location is monitored using Figure 4, i.e. for STUBE.120, which is locate near the inlet, we expect the flow regime to remain constant as single phase flow, i.e. MREG = 0, as is recovered in Figure 5. Figure 5 plots MREG versus time for the STUBE.120 located near the inlet plenum. As expected MREG = 0 for the duration of the simulation, which serves as a sanity check when setting up the transient simulation.
[image: ]
Figure 5. Ground station LN2 heat exchanger STUBE.120 near supply LUMP flow boiling regime vs. time (left hand panel: FLOCAD STUBE monitor locations, right hand panel: STUBE flow regime vs. time)
Figure 6 plots MREG versus time for the STUBE.197 and STUB.198 located midway in the heat exchanger flow path, near the centerline of the heat exchanger. Here, the MREG flow regime variable shows the flow changing from single phase to bubbly during 0 to 100 seconds of the simulation, and from single-phase to slug flow at approximately during 200 to 250 seconds.
[image: ]

Figure 6. Ground station LN2 heat exchanger STUBE.197, STUBE.198 boiling regime vs. time (left hand panel: FLOCAD STUBE monitor locations, right hand panel: STUBE flow regime vs. time)
Figure 7 plots MREG versus time for the STUBE 210 located approximate midway in the heat exchanger flow path, upstream of the elbow where STUBE 197 and STUBE 198 reside. Here, the MREG flow regime variable shows the flow changing from bubbly to slug over 250 seconds of the transient simulation.
[image: ]
Figure 7. Ground station LN2 heat exchanger STUBE.210 boiling regime vs. time (left hand panel: FLOCAD STUBE monitor locations, right hand panel: STUBE flow regime vs. time)
Figure 8 plots MREG versus time for the STUBE 300 located the closest downstream relative to the inlet plenum and STUBE 120. Here, the MREG flow regime variable shows the flow changing from annular to bubble over the 1400 second transient simulation.
[image: ]
Figure 8. Ground station LN2 heat exchanger STUBE.300 boiling regime vs. time (left hand panel: FLOCAD STUBE monitor locations, right hand panel: STUBE flow regime vs. time)
The primary take away from the flow regime behavior plots of Figure 4 through Figure 8 above is that the two-phase flow regime changes with time over the course of the simulation, and thus modeling the flow as homogenous during the duration of the simulation would lead to inaccurate flow time constant predictions. This is further illustrated by Figure 9. Figure 9 shows a comparison of modeling the LN2 ground test heat exchanger as a homogenous non-boiling flow (left panel) versus a two-phase boiling flow (right panel).  Figure 9 plots the temperature versus time behavior of various heat exchanger panel nodes, and thus provides a metric of the cool-down time rate T/t of the heat exchanger. 

	[image: ]
(a) no flow boiling
	[image: ]
(b) flow boiling



Figure 9. Ground station LN2 heat exchanger cool down predictions (left hand panel: without boiling flow, right hand panel: with boiling flow)
It can be seen that the cool down time rate of the flow with versus without boiling is drastically different, with the two-phase boiling flow case having T/t = 18 K/min cool down time rate, in contrast to T/t = 5 K/min for the homogenous flow. Thus, for test planning purposes, the two-phase heat exchanger affords a quicker response time when being used as a proximity boundary condition for simulating the proper cool off behavior hardware in a thermal testing environment.
CONCLUSIONS 
This paper has presented a case study in using Thermal Desktop / FLOCAD and SINDA/FLUINT in order to simulate two-phase boiling flow heat transfer behavior of a LN2 ground test heat exchanger. The paper reviewed the methodology used within the SINDA/FLUINT program regarding the modeling and treatment of two-phase flows. This was followed by discussion of the set-up and modeling of the LN2 ground test heat exchanger. The paper closes with a discussion of transient simulation results which illustrate how the post-processing capabilities of SINDA/FLUINT two-phase flow can be used to ascertain the behavior of heat transfer in a complex two-phase system over time.
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