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NASA and Purdue University have been collaborating on addressing various aspects of flow boiling for
nearly two decades. Understanding the flow conditions and flow patterns over which the onset of nucleate
boiling or critical heat flux occurs allows designers to set limits on the allowable heat flux into the transfer
line to prevent or limit boiling. This paper presents detailed flow visualization of recently conducted liquid
nitrogen flow boiling experiments in heated tubes in the horizontal flow configuration. High-speed video
recordings through a sight glass were utilized to capture two-phase flow patterns and interfacial behaviors as
a function of different mass flux and heat flux. At low mass flux, the dominant flow patterns include bubbly,
plug, slug, stratified annular, and annular flows. At higher mass flux, the dominant flow pattern tends
towards a uniform bubbly flow due to stronger flow inertia. As heat flux is increased, the flow generally
transitions into annular flow.

I. Introduction

uture in-space cryogenic propulsion systems will likely be required to facilitate future missions beyond Low

Earth Orbit. These systems include ascent and descent chemical propulsion stages [1], fuel depots [2], and
advanced concepts such as nuclear thermal propulsion [3] and nuclear electric propulsion [4]. Compared to storable
propulsion systems, cryogenic propulsion systems offer higher performance in terms of specific impulse, and safety
and environmental benefits.

Cryogens are fluids that exist as gases at room temperature. As such, difficulties arise when storing and
transferring cryogenic propellants. For example, the low normal boiling point of cryogens and low superheat
required to initiate boiling leads to high heat transfer rates between environment and fluid, and high susceptibility to
boiling and two-phase flow. Cryogens have low surface tension and low latent heat of vaporization, which also leads
to higher susceptibility to boiling due to smaller bubbles nucleating and detaching from heated surfaces.
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For most envisioned cases of in-space cryogenic propellant transfer in missions beyond Low Earth Orbit, it
is highly desirable to transfer single-phase or near-single phase liquid flow. For engines, single-phase flow is desired
to avoid combustion instability in the engine. For cryogenic fuel depots, single-phase flow is desired to avoid
cavitation in pumps and valves, and to ensure high final liquid volume fraction in the receiver tank. During
propellant transfer, it is essential to ensure the system hardware be chilled down to the fluid saturation temperature
as quickly and efficiently as possible. This chilldown process is generally accomplished through boiling heat
transfer between cold cryogen and warm transfer hardware. Afterwards, it is desired to maintain the system at or
below cryogenic temperatures. For steady state transfer system operation, the subcooled margin of the liquid in the
propellant storage tank should be sufficiently high to overcome the parasitic heat leak into the transfer system such
that single-phase or near-single phase liquid is achievable at the exit. The emphasis of the current work is to
characterize the behavior of this steady state cryogenic flow boiling phenomena.

The purpose of this paper is to present detailed flow visualization results for recently conducted liquid
nitrogen (LN2) flow boiling experiments in the horizontal flow orientation under terrestrial gravity conditions. This
paper is intended to introduce how various operating parameters affect the two-phase heat transfer process and
observed two phase flow patterns. The primary parameters that are varied in the current study include mass flux and
heat flux. The outline of the paper is as follows: first a summary is presented on flow boiling physics and previous
related flow boiling experiments which included flow visualization. Next, the description of the experimental system
is given, along with the flow visualization test section, and experimental methodology for conducting experiments.
Next, flow boiling curves and detailed images of the flow visualization are presented as a function of mass flux and
heat flux to explain trends in the data. Finally, the conclusion section summarizes key findings.

1. Background

A. Flow Boiling Physics

Heat transfer of any boiling liquid can be described through a boiling curve, which plots the wall heat flux
against the wall superheat (temperature difference between the tube inner wall and the fluid saturation temperature).
Figure 1 plots the boiling curve for saturated water from [4]. The steady state heating configuration of the boiling
curve is shown with red arrows from left to right and the quenching (or chilldown) configuration with black arrows
is shown from right to left. In the quenching case, the tube wall temperature begins significantly above the fluid
saturation temperature, and the cold fluid quenches the tube until the boiling subsides and single-phase liquid flow
ensues. In the steady state heating case, the subject of the current work, single-phase liquid flow is already
established, and an external heat source gradually boils the liquid. Initially, single-phase liquid heat transfer is
prevalent. As wall heat flux is increased, wall superheat begins to increase, and bubbles begin to form following the
onset of nucleate boiling (ONB). Nucleate boiling is then encountered, characterized by the presence of isolated
bubbles. The bubble nucleation, departure, and liquid replenishment induce mixing near the surface, increasing the
allowable wall heat flux and the ensuing heat transfer coefficient (HTC). In nucleate boiling, heat transfer is
generally dominated by latent heat of vaporization. As wall heat flux further increases, nucleate boiling is
suppressed and convective boiling ensues. Eventually, the critical heat flux (CHF) point is reached, signaling the
maximum allowable heat removal rate in two-phase boiling flow. Beyond CHF, a vapor blanket is formed along the
wall characteristic of film boiling, preventing liquid from wetting the surface, leading to a rapid rise in wall
superheat. Operationally, this regime is called thermal runaway, and may be dangerous due to a combination of high
heat flux, poor heat transfer through the insulating vapor blanket, and high ensuing wall temperatures. Eventually,
the liquid film vaporizes where the flow generally proceeds from annular flow to dispersed flow and eventually to
single-phase vapor flow. The focus in the current work is on characterizing cryogenic nucleate flow boiling heat
transfer in the heating configuration.

For flow boiling tests in the heating configuration, heat flux is the control variable and wall superheat is the
response variable. Tests begin with the wall and fluid at the same temperature and power is delivered in a series of
small increments to the test section typically through an electrical coil. Data is usually acquired at steady-state
conditions for fixed values of heat flux. Because the imposed heat flux is generally one or two orders of magnitude
higher than the parasitic heat leak, uncertainties are typically low for extracting HTCs from steady state heating over
quenching experiments.
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Figure 1: Boiling Curve lllustrating Heating and Quenching Configurations

B. Previous Flow Boiling Visualization Studies

As mentioned in several recent articles [6-9], cryogenic flow boiling experiments have been conducted for
several decades. However, only recently have studies been performed with the necessary high instrumentation
density, flow visualization, and systematic, parametric analysis of preponderant variables that affect performance. In
collaboration with NASA Glenn Research Center, a new cryogenic flow boiling facility has been designed, built,
and tested at Purdue University, successfully filling several gaps in the world consolidated cryogenic flow boiling
database. The data has been used to systematically understand the impacts of various operational parameters on
cryogenic flow boiling in heated tubes [10, 11]. The data can be also used to assess or develop fundamental
correlations or subroutines used to assist in designing future cryogenic propellant transfer systems.

While some visualization studies have been performed for cryogenic boiling in the quenching configuration
[12-17], where the focus is predominately on film boiling, detailed flow visualization is generally missing from
cryogenic flow boiling experiments in the heating configuration. To the authors’ knowledge, there are three reported
studies. First, the earliest known report of cryogenic two-phase flow boiling visualization is from Simoneau and
Simon [18]. Here, a series of two-phase flow images were presented to compare vertical upflow to vertical
downflow. The authors showed images indicating higher vapor accumulation in vertical downflow versus upflow
that were correlated to the lower CHF for downflow versus upflow. Second, Van Dresar [19] reported some flow
images of liquid hydrogen and LN flow boiling in tubes at low mass flux. Third, Fu et al. [25] studied microchannel
flow patterns for LN, steady-state flow boiling in the vertical upflow orientation. Despite their efforts, the flow
patterns do not represent the macro-channel flow boiling of cryogens in tube sizes relevant for most future
applications. The LN, flow boiling flow visualization in the current work builds upon historical results by providing
detailed imagery at multiple different mass fluxes and heat fluxes in a macro-channel tube.

I11. Experimental Description

A. Facility and Flow Visualization Test Section

A detailed description of the new Purdue University cryogenic flow boiling facility, test section, and
instrumentation are available in Kim et al. [10, 11]; only a brief description is given here. Figure 2 shows the
computer aided drawing (CAD) of the facility and Figure 3 shows the CAD of the flow visualization test section.
For ground testing, a gaseous nitrogen cylinder was used to pressurize and expel the LN, from a 160-liter vacuum
jacketed stainless steel (SS) supply dewar. Liquid is routed through a turbine flow meter used to measure volumetric
flow rate at high mass flux. Liquid is then routed through the heated tube test section chamber, which housed the 8.5
mm inner diameter, 0.5 mm wall-thickness 304SS heated tube. Up to 3200 W of heat could be supplied to the tube.
Immediately downstream, the flow was then routed through the flow visualization test section chamber, which
housed a Pyrex sight glass. A high-speed camera was used to observe the evolving two-phase flow patterns. Vacuum
pumps were used to pump down the pressure in both chambers to ~0.1 Pa in order to reduce the parasitic heat leak.
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Downstream of both test sections was a needle valve used to precisely control mass flux. Flow was then routed
through the vent heater assembly, a series of 3 kW heaters to vaporize any remaining liquid before venting
overboard. Downstream of the heaters were two flow lines, one with a vapor flow meter used to measure low mass
fluxes (< G = 100 kg/m?s). After the two lines merged, there was a separator tank as shown in Figure 2 that was
used to trap any non-vaporized liquid.
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The visualization chamber was a vacuum chamber that housed the Pyrex sight glass. The chamber was
comprised of a rectangular SS housing with inlet and outlet flanges for both ends to ensure vacuum-tight sealing.
Transparent glass windows were attached to each side, providing a visualization length of 0.25 m. On one side, the
high-speed camera was mounted to record videos, while the other side was used for illumination. The Pyrex tube
had a metal bellows attached to one end, similar to what was used in previous LH> line chilldown flow visualization
[16, 17] to reduce thermal stresses. The outer diameter of the tube was 9.5 mm, while the inner diameter was
approximately equal to the inner diameter of the heated tube test section of 8.5 mm. This was done to reduce
unnecessary flow disturbances. The length of the visualization tube was slightly longer than 0.25 m such that the
entire flow section could be visualized. The test section and visualization chambers were connected by adjoining the
tubing, which was then connected to a vacuum hose with a butterfly valve in between to isolate the vacuum line
when needed.

Pertinent instrumentation for the cryogenic flow boiling rig is as follows: a turbine flow meter was used to
measure liquid flow rate upstream of the test sections and a gas flow meter was used to measure flow rate
downstream. Stream temperature and pressure were measured upstream of the heated tube test section, upstream of
the flow visualization test section, and upstream of the vent heater assembly to determine the thermodynamic state
of the fluid. Vacuum pressure was measured for both test section chambers. 14 thermocouples were attached to the
heated tube test section, one mounted at the top and one at the bottom at each of 7 axial locations. The electrical
power supplied to the heated tube was measured by a power meter.

As shown in Figure 2, a control consul and screen were mounted on the bottom left corner of the rig and
were used to log and monitor all sensor output signals. Data was measured at 80 Hz nominally. The control consul
also contained the data logger, AC power distributors, DC power converter, circuit breakers, heater power
controllers for test section heaters, heater temperature controllers for vent heaters, power meters for each heater, and
an Arduino board for pressure control.

B. Experimental Methodology

The following procedure was used to run a typical heated tube test: to begin a test, the LN supply tank was
pressurized to the desired target pressure. Main flow system valves were all operated in open loop configuration, the
dewar was then opened to chill down the entire system hardware, and the vent heaters were activated. During
chilldown, the thermodynamic state of the fluid was monitored at the various pressure/temperature stations, and the
fluid was visualized in the sight glass. After sufficient chilldown time, the inlet state to the test section was
confirmed to be subcooled liquid, signaling the start of a controlled experiment. Tests were then performed by
increasing heat flux with small increments until the system reached CHF for different inlet subcooling, pressure, and
mass flux. Tests were generally run at fixed flow rates, pressures, and inlet subcooling. The dewar pressure was
adjusted to influence the test section pressure, and the needle valve was used to dial in the precise flow rate. Heat
flux was then adjusted at fixed values, and all control variables were allowed to reach steady state. As higher heat
fluxes were set, the wall temperature slowly climbed as nucleate boiling increased. Finer adjustments in heat flux
were made as the system approached the CHF. At the point of CHF, the wall temperature exhibited unsteady
excursions, after which heater power was cut off to avoid thermal runaway. Once liquid in the supply dewar was
sufficiently drained, testing was completed.

IV. Results and Discussion

A. Heat Transfer Coefficient

Numerous LN, flow boiling experiments were conducted to examine the effect of pressure, inlet
subcooling, equilibrium quality, mass flux, heat flux, and flow orientation. Results in the current work are for
horizontal flow boiling experiments, with a focus on the effect of mass flux and heat flux. First, boiling curves are
analyzed, then the flow visualization test section images.

Figure 4 shows a summary of these results, where LN, boiling curves are plotted, in terms of the wall heat
flux as a function of wall superheat, four different mass fluxes, but at near-constant inlet pressure and inlet
subcooling. Top wall temperatures at the 7 different axial locations are averaged, as are the bottom wall
temperatures. While tests were conducted with heat flux as the control variable and wall superheat as the response
variable, it is instructive to plot the boiling curve as shown. First, for both sensor locations and all mass fluxes
tested, there are generally two distinct slopes: a weak slope for single-phase to the ONB, and a much steeper slope
for ONB to CHF, characteristic of nucleate boiling heat transfer. This slope change is predominately due to the
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contribution and dominance of latent heat transfer over simple forced convection heat transfer. Second, at lower
mass fluxes, the differences between top and bottom sensors are more noticeable, but at higher mass flux, the curves
approach one another. This is attributed to inertial forces dominating over buoyancy forces. Third, higher mass flux
generally leads to higher nucleate boiling heat transfer, and a delay of approaching the CHF, implying that high
mass flux can sustain nucleate boiling for larger heat fluxes due to higher efficiency of vapor removal. Fourth and
finally, for all mass fluxes tested, higher heat transfer is obtained at the bottom of the tube as opposed to the top of
the tube, primarily due to the higher propensity for liquid to remain at the bottom of the tube, thus sweeping away
vapor bubbles generated during nucleate boiling.
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Figure 4: Nucleate Boiling Heat Flux as a Function of Wall Superheat and Mass Flux for Horizontal Flow
Tests

B. Flow Visualization Time Sequence, Low Mass Flux

To examine the effect of different heat flux on the flow profiles during nucleate boiling at low mass flux,
Figures 5, 6, and 7 plot high-speed image sequences for a mass velocity of G = 561 kg/m?s, Pin = 344 kPa, and A T
= 1.68 K at three different wall heat flux conditions, g" of 10%, 19%, and 60% q"cwr, respectively. The images in
each sequence are 10 ms apart. At 10% q"cne in Figure 5, discrete bubbles enter the visualization tube across the
entire cross-sectional area of the tube inlet not only through the top portion of the area. The bubbles flowing
through the lower half of the tube gradually ascend toward the top surface. As shown in Figure 5 and as indicated
with red arrows, a cluster of bubbles flowing into the tube inlet are tracked with the time. With buoyancy effects,
small bubbles travel up towards the top surface and accumulate, which can be observed from the first and second
images. However, from the second to third image of Figure 5, clustered bubbles suddenly disperse and travel away
from each other without being merged. According to Sharma et al. [21], small sized bubbles, when collided or
densely packed due to the bubble collision dispersion force, are repelled from each other resulting in well distributed
bubble concentrations across the cross-sectional area of the tube. From actual flow visualization in these figures, the
diffusion of highly concentrated bubbles after their sudden accumulation is clearly captured. As flow proceeds, due
to the overpowering of the body force and reduction of the bubble collision dispersion force effect with increasing
bubble diameter, the merging of bubbles takes place and forms a vapor plug. In addition, with the absence of boiling
within the visualization tube, the turbulent mixing effect is less apparent than it is in the test section where bubble
nucleation and departure are active. Therefore, as bubbles proceed through the visualization section, the interface
become less wavy and the variation of flow structure reduces.

At 19% q"chr, as shown in Figure 6, a larger and elongated vapor structure enters the visualization tube.
As shown in Figure 6, plugs are connected due to increasing vapor generation within the test section, covering
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almost the entire length of the visualization section. As heat flux increases up to 60% q"cnr as shown in Figure 7,
the flow pattern develops into annular flow having an annular liquid film around the vapor core.

S S e S

Figure 5: Flow Patterns during Nucleate Boiling as a Function of Time for G =561 kg/m?, Pin = 344 kPa,
ATsubin = 1.7 K, 10% q”chr, Xeout = -0.005. Images are taken approximately 10 ms apart.

ATsupin = 1.7 K, 19% q”chr, Xeout = 0.02. Images are taken approximately 10 ms apart.
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Figure 7: Flow Patterns during Nucleate Boiling as a Function of Time for G = 561 kg/m?, Pin = 344 kPa,

ATsubin = 1.7 K, 60% q”cHr, Xeout = 0.02. Images are taken approximately 10 ms apart.

C. Flow Visualization Time Sequence, High Mass Flux

To examine the effect of different heat flux on the flow profiles during nucleate boiling at high mass flux,
Figures 8, 9, and 10 plot high-speed image sequences for a mass velocity of G = 1038 kg/m?s, Pin = 344 kPa, and
ATsap = 3.96 K at three different wall heat flux conditions, " of 27.7%, 57.6%, and 94.1% q"cnr, respectively.
Again, the images in each sequence are 10 ms apart. At 27.7% q"cnr, as shown in Figure 8, a great number of small
and discrete bubbles flow into the visualization section in a well distributed fashion. Due to intense inertia and
turbulent mixing with the high mass velocity, bubbles are well scattered and do not merge until a farther axial
location of the visualization section when compared to the transient flow sequence at lower mass velocities in Figure
5. Near the outlet at the downstream of the visualization section, bubbles coalesce to form elongated vapor structures
or plugs. At higher heat flux percentages of 57.6% and 94.1% q"'cwr, as shown in Figure 9 and Figure 10, due to the
increased vapor generation leading to higher vapor velocities, liquid is spread outward covering the entire perimeter
of the visualization tube. In the vapor core, among the fast-flowing vapor, entrained liquid strips are intermittently
observed as thin linings with darker colors in the center of the tube.

D. Flow Visualization as a Function of Mass Flux and Heat Flux

Figure 11 shows flow patterns along the boiling curve for operating conditions of G = 561 kg/m?s, Pi, =
344 kPa, and ATsp = 1.68 K, a low mass flux. Equilibrium quality values are shown on the left hand side of the plot
and % of heat flux relate to the critical flux shown on the right hand side of the plot. For the heat flux of 5% q"chr,
the wall superheat surpasses the required superheat for bubble nucleation, evidenced by bubble formation along the
heated test section. Due to the small surface tension of cryogens, nucleated bubbles easily detach from the heated
wall despite the small size. Departed bubbles then migrate towards the top surface with the aid of the body force.
The resulting flow pattern is bubbly flow having numerous small sized bubbles concentrated near the top surface.
With a slight increase of heat flux up to 7% q"cur, the bubbles become larger due to higher wall superheat,
activating a greater number of nucleation sites on the heated wall. Departed bubbles effectively coalesce each other
while traveling, resulting in larger and longer bubbles, as captured in the recording.

At 10% q"chr, aggressively nucleated and departed bubbles coalesce to form elongated vapor structures
with an unstable wavy liquid-vapor interface flowing near the top wall, typical of plug flow. Notice numerous small
grain-like bubbles flowing under the vapor structure that merge into the vapor stream atop. Further increasing the
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heat flux up to 13% q"cnr, vapor plugs become thicker due to an enhanced vapor production rate and coalescence to
form even longer plugs.

Figure 8: Flow Patterns during Nucleate Boiling as a Function of Time for G = 1038 kg/m?, Pin = 344 kPa,
ATsubin =4 K, 27% q”cHF, XEout =0

Figure 9: Flow Patterns during Nucleate Boiling as a Function of Time for G = 1038 kg/m?, Pin = 344 kPa,
ATsubin =4 K, 57% q”cHF, Xgout = 0.06
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Figure 10: Flow Patterns during Nucleate Boiling as a Function of Time for G = 1038 kg/m?, Pin = 344 kPa,
ATsubin =4 K, 94% q”cHr, XEout = 0.12

At 19%-34% q"chr, aggressive coalescence takes place to produce a continuous vapor film structure
spanning almost the entire visualization section length, causing vapor stratification. However, note that the flow
pattern is not perfect stratified flow having the top surface entirely covered by vapor film. Instead, the flow pattern
shows a very thin layer of liquid persisting on top of the vapor structure. Due to high vapor velocity, liquid flowing
under the vapor structure is dragged up and around the periphery, forming a thin layer of liquid fully wetting the
tube. This flow pattern is called stratified annular flow as was identified and explained by Van Dresar et al. [19]
whose experiments were focused on the lower mass velocity range rather than that of the current study.

At a heat flux of 59% q"cne, the annulus liquid layer becomes thinner, and the vapor core grows thicker
with increasing heat flux. As the vapor volume fraction increases, due to further fluid acceleration, flow
stratification gradually fades away resulting in a relatively symmetric flow structure. At 59% q"cwr until CHF, due
to the low hyg, the required wall superheat for cryogens is lower than that of room temperature fluids. This unique
characteristic of cryogens enables persistent bubble nucleation even within the annular liquid film which does not
stop even at higher wall heat flux. Proving the suggested explanation, numerous small bubbles in the annular liquid
film can be commonly observed in the heat flux range from 34% q"cwe until CHF in Figure 11, where the flow
patterns are annular. At 79% q"cur, @ uniform annular liquid layer thickness can be observed along with a thicker
and faster vapor core. Very near CHF, the liquid layer thickness remarkably attenuates, especially near the top
surface, increasing the chances of the top liquid layer being partially dried out. The partially dried out surface within
the test section, which is then continuously exposed to a vapor-only environment lacking latent heat transfer,
experiences a sudden increase of wall temperature excursion—in other words, CHF.

Figure 12 depicts flow patterns along the boiling curve for operating conditions of G = 700 kg/m?s, Pi, =
344 kPa, and ATsu, = 2.86 K, an intermediate mass flux. Mass velocity is notably higher than the cases depicted in
Figure 11, yet a similar flow pattern progression until CHF is observed except for the following differences. With
similar heat flux percentage, vapor bubble size is much smaller at higher mass flux. Due to higher flow inertia under
the higher mass velocity condition, departed small bubbles are rapidly flushed away without having a chance to
merge with neighboring bubbles to form larger vapor structures. Accordingly, at a higher mass velocity, it requires
greater wall heat flux to reach annular flow. Notice the enhanced CHF value at higher G, almost double the CHF at
lower G.

Figure 13 shows flow patterns along the boiling curve for operating conditions of G = 1038 kg/m?s, Pi, =
344 kPa, and AT = 3.96 K, a high mass flux. Notice the CHF value is nearly constant regardless of the magnitude
of mass flux from Figure 12 to 13. Even in the highest mass flux condition, similar flow patterns and regime

10
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transitio

ns continue, but at higher heat flux percentages due to rapid vapor removal, which effectively disturbs

bubble coalescence when compared to lower mass velocity conditions. Nevertheless, flow patterns near or at CHF in
all the cases are patterns of annular flow with thin liquid annular film and vapor at the core. Notice the gradual

thinning

of both the bottom and top liquid layer thickness with heat flux percentage from 44% to 100 % q"cnr based

on which CHF is triggered by partial dry-out of either top or bottom liquid film.
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V. Conclusions

This paper presented a summary of recent steady state liquid nitrogen flow boiling experiments conducted in the
horizontal flow configuration in terrestrial gravity to understand how heat flux and mass flux impact liquid nitrogen
flow boiling flow patterns. Tests were conducted over a wide range of flow directions, mass flux, heat flux, inlet
subcooling, and equilibrium quality. A summary of results is provided for cryogenic nucleate flow boiling heat
transfer and visualization in the horizontal flow configuration:

1. Nucleate boiling heat transfer coefficients increase with increasing heat flux. At low heat flux, there is a
sharper rise in HTC due to the efficiency of nucleate boiling heat transfer. As heat flux approaches the
critical heat flux, the HTC levels off due to suppression of nucleate boiling.

2. Nucleate boiling HTC increases with increasing mass flux. This trend is noticeable at low mass flux, but
levels off at high mass flux due to inertial forces dominating over buoyancy forces.

3. Multiple two-phase flow regimes are observed: bubbly flow, plug flow, slug flow, stratified annular flow,
and annular flow.

4. Flow regime transitions are observed with increasing heat flux facilitated by bubble growth, departure, and
coalescence, resulting in regime developments from small discrete bubbles into larger and oblong vapor
structures, in other words, plug flow.

5. Further flow regime transitions are observed from plug flow to stratified annular with further increase of
heat flux, revealing the effect of body force on two-phase flow structures.

6. Further increase of heat flux near CHF leads to regime transition into annular flow with no flow
stratification brought by significantly increased flow velocity at high fluid quality.

7. Increased mass velocity aids in attenuating the body force effect on two-phase flow structures, resulting in
less or no flow stratification at high mass velocity conditions.

As stated, the new Purdue cryogenic flow boiling facility has successfully filled several gaps in the world
consolidated cryogenic flow boiling database. Particularly noteworthy is the contribution of new high-speed flow
visualization imagery and detailed descriptions of the ensuing flow profiles as a function of operating parameters,
considering the near-complete lack of cryogenic flow boiling visualization reported in the literature. The rig can be
used to further investigate the effect of other operating parameters on cryogenic flow boiling, including operating
pressure, inlet subcooling, etc.
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