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ARTICLE INFO ABSTRACT
Keywords: Experiments to determine two-phase frictional pressure drop for saturated cryogenic flow boiling in uniformly
Cryogens heated round tubes have been performed throughout the globe during the past sixty years for a variety of
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cryogens. However, the experimental data are scarce and either rarely published or published only for a few
cryogens, with majority of the data remaining in the archives of authors, or in obscure technical reports of an
organization or other inaccessible sources. In the present study, the Purdue University-Boiling and Two-Phase
Flow Laboratory (PU-BTPFL) Cryogenic Total Pressure Drop Database is consolidated both for saturated adia-
batic liquid-vapor and saturated flow boiling for cryogens from world literature dating back to 1964. With 474
total pressure drop data points for LHe, LHj, LNe, and LNy, it represents the largest total pressure drop database
for cryogenic saturated two-phase flow assembled to date. Using this database, predictive accuracy of seminal
frictional pressure gradient correlations employing both the Homogenous Equilibrium Model (HEM) and the
Separated Flow Model (SFM) are assessed. The distinct fluid physics unique to cryogens is studied further using
the database and new dimensionless criteria are developed to demarcate a dispersed flow dominant data subset
from the separated flow dominant data subset, which are better represented using HEM and SFM, respectively.
These criteria are subsequently used to develop a hybrid HEM-SEM frictional pressure gradient correlation for
saturated cryogenic flow for the two distinct data subsets. The new hybrid correlation performs the best of all
seminal correlations and provides excellent predictive agreement with the database, evidenced by a Mean Ab-
solute Error (MAE) of 14.7 %.

interest in LHe heat transfer in West Germany [1], United States of
America [2], and Japan [3,4] in the early 1970s, the decade of 1975-85

1. Introduction was a golden age for LHe flow boiling research in the Soviet Union in
connection with development of forced convective cooling of super-

1.1. Applications of Cryogenic Fluids conducting systems [5-12]. Similar surge in LH; flow boiling research
was observed in the decade post 2008 primarily in Japan, after a long

Cryogenic fluids are used in a broad range of industries. For example, gap with preliminary work done in the United States of America

in the food industry, Liquid Nitrogen (LNy) is used to fast freeze food, [13-15], with the objective of cooling large scale high temperature su-
whereas in the healthcare industry, it is used to preserve tissues and perconductor (HTS) magnets [16-25]. While LH, and LN have been
blood, and to destroy unhealthy tissues in cryosurgery. Liquid Oxygen used over the years to cool high-temperature superconducting (HTS)
(LOX) is used in the healthcare industry especially in life support sys- magnets [16,26,271, LHe, having the lowest critical temperature of any
tems. Additionally, several cryogens, especially LOX, Liquid Hydrogen known fluid, is also used to chill down Earth-orbiting telescopes and
(LHy), Liquid Methane (L.CHy), and Liquid Helium (LHe), have been used satellites as well as cool space experiments, where the ambient tem-
over the years in two primary applications: electronic cooling and space perature in space is ~ 2.7 K. And, following some initial work around

missions, the latter being the primary focus of the present study. In the 1960, LCHa, received renewed interest in 2010 at NASA’s Glenn
field of electronic cooling, after an initial period of academic research
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liquid-only Capillary number, G/ (pso)

coefficients in Separated Flow Model correlations in
Table 4

tube’s inner diameter

Fanning friction factor corresponding to single-phase flow
Fanning friction factor corresponding to two-phase flow
liquid-only Froude number based on tube diameter, G2

/[8Dp?]

two-phase homogeneous mixture Froude number based on
tube diameter, G*/[gDp3)]

mass velocity

Galileo number, [p;g(p; — p,)D?]/ yf

gravitational acceleration

local enthalpy

enthalpy of saturated liquid

enthalpy of saturated vapor

latent heat of vaporization, h, - hy

heated length of test section tube

heated length of pre-heater section tube

single-phase length, defined in Eqgs. (11) and (12)
two-phase length, defined in Eq. (10)

Mean Absolute Error, defined in Eq. (35)

pressure

total pressure drop, defined in Eq. (18)

single-phase total pressure drop over the single-phase
length, defined in Eq. (13)

hypothetical single-phase liquid frictional pressure drop
over the two-phase length, assuming saturated liquid flow
over the entire two-phase length

hypothetical single-phase vapor frictional pressure drop
over the two-phase length, assuming saturated vapor flow
over the entire two-phase length

two-phase total pressure drop over the two-phase length,
defined in Eq. (1)

two-phase frictional pressure drop over the two-phase
length

dimensionless two-phase frictional pressure drop,

APpp—APg 1o
APy oo F—APgy o F

critical pressure

reduced pressure, P/P,;;

heat flux based on tube’s inner heated surface area

liquid Reynolds number based on tube diameter, GD(1-x)/
Ky

liquid-only Reynolds number based on tube diameter, GD/
Hf

vapor Reynolds number based on tube diameter, GDx/ug
vapor-only Reynolds number based on tube diameter, GD/
Hg

single-phase Reynolds number based on tube diameter,
defined in Eq. (16)

two-phase Reynolds number based on tube diameter,
defined in Eq. (6)

Root Mean Squared error, defined in Eq. (36)

slip ratio, ug/us

liquid-only Suratman number based on tube diameter,
proD/pf

vapor-only Suratman number based on tube diameter,

peoD/ i

T, lambda point temperature (2.17 K) for liquid helium
transitioning from LHe I to LHe II

u mean fluid velocity

Ugspm mean liquid velocity in a separated flow, defined in Eq.
(28)

Ug sFM mean vapor velocity in a separated flow, defined in Eq.
(29)

Umix,gem two-phase mixture mean velocity in homogeneous
dispersed flow, defined in Eq. (27)

Weso p liquid-only Weber number based on tube diameter, G*D/
(pro)

Wey,p  two-phase homogeneous mixture Weber number based on
tube diameter, GZD/(/J,pa)

x flow quality

Xe thermodynamic equilibrium quality, (h — hy)/hg

Xe,in inlet thermodynamic equilibrium quality based on
pressure at inlet of heated length, (hi, — hgin)/hggin

Xe,out outlet thermodynamic equilibrium quality determined
from x. i,, energy balance for entire heated length, and
pressure at outlet of heated length, (hour — hyoue)/Ryg our

X Lockhart-Martinelli parameter

z axial coordinate along the tube

S saturation length ratio, #7==2 = (LQH), defined by
Ganesan et al. [34]

AZZ‘% total saturation length ratio, defined in Eq. (34)

Greek Symbol

a void fraction

AHEM void fraction for HEM based formulation, defined in Eq.
(22)

asEM void fraction for SFM based formulation, defined in Eq.
(24)

7 percentage of data points predicted within +30 %; tube’s
angle of inclination from horizontal

u dynamic viscosity

Usp single-phase dynamic viscosity

Uep two-phase homogeneous mixture dynamic viscosity in
Table 3

) specific volume

& percentage of data points predicted within +50 %

p density

Psp single-phase density

P two-phase homogeneous mixture density, p,, =

x 4 1-x|
Pg P

o surface tension

¢ two-phase frictional pressure drop multiplier, defined in
Egs. (7) and (8)

Subscript

A accelerational component

crit critical point

exp experimental (measured)

F frictional component

f saturated liquid

fo liquid only

G gravitational component

g saturated vapor

go vapor only

HEM Homogenous Equilibrium Model

in inlet

mix two-phase homogeneous mixture

out outlet

PH pre-heater

pred predicted
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sat saturated condition
SFM Separated Flow Model
sp single-phase (liquid or vapor)
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Fig. 1. Examples of space applications of cryogens.
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Fig. 2. Classification of coolants into water, refrigerants, and cryogens based on variation of saturation temperature with reduced pressure.

Research Center [28] and Johnson Space Center [29-31] as part of their
Propulsion and Cryogenics Advanced Development (PCAD) project,
where nontoxic propellants such as LOX/LCH,4 were being tested for
spacecraft applications. In nuclear thermal propulsion systems,
LOX/LCH4 or LOX/LH; are used in ascent stages, descent stages, and
in-space fuel depots. LH; has also been proposed for future use as both

propellent and coolant in several other advanced propulsion systems.
Fig. 1 shows examples of the space applications of cryogens.

Although almost all cryogens exist in unique states, LHe and LH; do
not. LHy usually exists in two molecular spin states, orthohydrogen and
parahydrogen, which exhibit significantly different thermal properties
such as specific heat and thermal conductivity. Since the operating
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Fig. 3. Variations of (a) liquid-only Reynolds number, (b) vapor-only Reynolds number, (c¢) liquid-only Suratman number, and (d) vapor-only Suratman number with
reduced pressure for cryogens along with those for other fluid classes under saturated conditions for a fixed mass velocity of G = 1000 kg/m?s and tube diameter of

D =10 mm.

temperature of LH; for applications of interest to the present study is ~
20.4 K, it is predominantly parahydrogen (0.2 % ortho- and 99.8 % para-
) as compared to orthohydrogen (75 % ortho- and 25 % para) at 300 K.
Similarly, LHe exists in two states, LHe I (at temperatures greater than
the lambda temperature, T;) and LHe II (at temperatures lower than T)).
Since the operating temperature of LHe for space applications of interest
is greater than 2.17 K, all the LHe data examined correspond to LHe I.
From here on, liquid parahydrogen and liquid helium I will be referred
to simply as LH, and LHe, respectively.

1.2. Fluid Physics Unique to Cryogens

Cryogens constitute a unique class of fluids which are clearly
distinguishable from water and refrigerants by virtue of their low
saturation temperatures, as shown in Fig. 2 (calculated using REFPROP
10 [32]). In addition to low saturation temperatures, cryogens also
exhibit general thermophysical property trends, including (a) low sur-
face tension, o, (b) low latent heat of vaporization, hg, (c) low liquid
viscosity, uy, (d) low vapor viscosity, u,, and, to a lesser extent, (e) low
liquid-to-vapor density difference, py - pg. Several consequences of this
physics have been investigated by the current authors for mechanisms of
critical heat flux (CHF) [33], saturated flow boiling heat transfer [34]
and post-CHF saturated and superheated flow boiling heat transfer [35].
However, the consequences of unique thermophysical property trends of
cryogens on the frictional pressure drop for saturated two-phase flows is
better understood via magnitude of relevant dimensionless groups,
which were identified by Kim and Mudawar [36] as prevalent in seminal
frictional pressure gradient correlations. The trends for these

dimensionless groups are captured in Fig. 3 and Fig. 4, for commonly
used cryogens under saturated conditions by plotting against reduced
pressures ranging from 0.1 to 0.9 for fixed mass velocity of G = 1000
kg/mzs and tube diameter of D = 10 mm (macro-channel range).

Figs. 3(a)-(b) shows that by virtue of low liquid and vapor viscosities,
cryogens in general exhibit higher liquid-only Reynolds number, Rey,,p,
as well as higher vapor-only Reynolds number, Reg, p, as compared to
water and refrigerants, with LHe and LH; having Ref,p values at least
one order of magnitude higher than the rest. Figs. 3(c)-(d) show varia-
tions of liquid-only Suratman number, Suy, p, and vapor-only Suratman
number, Sug, p. Unlike Reynolds number, which is the ratio of inertia to
viscous force, Suratman number (also known as Laplace number) can be
interpreted as the ratio of surface tension force to viscous force (~Re%/
We) and is used to characterize free-surface two-phase flows (e.g.,
annular flow). Fig. 3(c) shows that cryogens have higher Suy, p values
than most room temperature fluids (excepting water) and refrigerants,
with LHe having the highest value among all cryogens. Fig. 3(d) shows
that, despite most of the cryogens having higher Sug, p values than water
and refrigerants, LHe shows an abnormally low magnitude while LNe
has the highest value of all the fluids. Having the highest Suy, p among all
cryogens, as seen in Fig. 3(c), despite exhibiting low surface tension and
low liquid and vapor viscosities, LHe shows greater dominance of sta-
bilizing surface tension force on the annular free-surface as compared to
the destabilizing viscous shear force on the liquid-film-side of the same
annular free-surface. The opposite is true for the vapor-core-side of an
annular free-surface of LHe, as seen in Fig. 3(d), where the destabilizing
viscous shear force on the vapor-core-side on an annular free-surface
shows relatively greater dominance as compared to the stabilizing
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Fig. 4. Variations of (a) density ratio, (b) Bond number, (c) liquid-only Weber number, (d) liquid-only Capillary number, (e) liquid-only Froude number, and (f)
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and tube diameter of D = 10 mm.

surface tension force on the same annular free-surface. These two in-
ferences about LHe based on magnitudes of Sug,p and Sug, p will later
provide important insights into why LHe data are best predicted by the
Homogeneous Equilibrium Model (HEM) (which is applicable mostly to
dispersed flows, e.g., bubbly), as opposed to the Separated Flow Model
(SFM) (which is applicable mostly to separated flows, e.g., annular) for
flow qualities and void fractions spanning the entire spectrum from 0 to
1. The reasoning for such unique behavior for LHe can be explained as
follows. By virtue of comparatively high Suy,p, the liquid-vapor free-
surface interface in a LHe annular flow region would experience a
relatively weaker destabilizing viscous shear force from the liquid con-
tinuum side of interface (liquid film), as opposed to the stabilizing sur-
face tension force. However, due to comparatively low Sug, p, the same
liquid-vapor free-surface interface in a LHe annular flow region would

experience a relatively stronger destabilizing viscous shear force from
the vapor continuum side of interface (vapor core), as opposed to the
stabilizing surface tension force. Due to steeper velocity gradient in the
vapor core as compared to that in the liquid film as a consequence of
higher vapor velocity due to lower vapor density, the viscous shear force
from the vapor core side of interface is much higher than that from the
liquid film side of the interface. Hence, the relatively stronger viscous
shear force in the vapor core region would tend to distort and break the
free-surface interface, causing significant liquid entrainment in the vapor
core of the annular region. Therefore, a significant portion of the tube
length would feature mostly dispersed flow dominant behavior be it
bubbly flow or highly liquid droplets entrained annular flow. This
inference would later be used to understand why the Homogenous
Equilibrium Model works best for LHe even for separated flow dominant
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Table 1
Operational ranges of controlled variables and corresponding dimensionless numbers for frictional pressure drop data points under saturated adiabatic (liquid-vapor)
conditions in the present PU-BTPFL Cryogenic Pressure Drop Database and in database for mostly other common fluids.

Working Fluid(s) Controlled Variables Flow Characterizing Dimensionless Numbers
Reduced Tube Inner Mass Flow Liquid-Only Liquid Vapor
Pressure Diameter Velocity Quality Reynolds Reynolds Reynolds
Number Number Number
Pr Dx10° G x Reppx10°  Repx10°  Regpx 107
[m] [kg m?s
1
]
LHe 0.29 2.13 31.96 0 36.7 0 0
0.90 5.33 165.58 1 154.5 143.2 296.4
LNe 0.056 4 116 0.08 4.1 3 8.8
0.056 4 120 0.25 4.2 3.9 26.5
LHe and LNe * 0.056-0.9 2.13-5.33 31.96 - 0-1 4.1-154.5 0-143.2 0 -296.4
165.58
Air/CO,/No-water mixtures, No—ethanol mixture, R12, R22, R134a, 0.0052 - 0.0695 - 4 - 8528 0-1 3.9x10°3- 0-79.2 0-253.8

R236ea, R245fa, R404A, R410A, R407C, propane, CH4, ammonia, 0.91 6.22 89.79
CO.,, and water "

2 From 208 frictional pressure drop data points for saturated adiabatic liquid-vapor flow from current database with flow quality ranging from 0 to 1.
b From 7115 frictional pressure drop data points for saturated adiabatic liquid-vapor flow by Kim and Mudawar [36] with flow quality ranging from O to 1.

Table 2
Operational ranges of controlled variables and corresponding dimensionless numbers for frictional pressure drop data points under saturated boiling conditions in the
present PU-BTPFL Cryogenic Pressure Drop Database and in database for mostly other common fluids.

Working Fluid(s) Controlled Variables Flow Characterizing Dimensionless Numbers
Reduced Tube Inner Mass Flow Liquid-Only Liquid Vapor
Pressure Diameter Velocity Quality Reynolds Reynolds Reynolds
Number Number Number
Pr Dx10° G x Refo,px 1072 Regpx 107 Regpx 1072
[m] [kg m?2s
b
LHe 0.49 2.13 41 0 36.7 0 0
0.89 2.73 168 1 160.4 137 333.9
LH, 0.14 4.77 532 0 379.4 13.4 0
0.86 12.87 2735 1 2240.3 1794.9 6322.2
LNe 0.056 4 75.2 0.08 2.6 0.5 16.5
0.056 4 140 0.82 4.9 3.6 85.7
LN, 0.03 5.79 94.5 0 5 0 0
0.05 11.73 300 1 16.1 11.51 370.2
LHe, LH,, LNe, and 0.03 - 0.89 2.13- 41 - 2735 0-1 2.6 - 2240.3 0-1794.9 0-6322.2
LN, * 12.87
R12, R134a, R22, R245fa, R410A, FC-72, ammonia, CO3, 0.005 0.349 - 33-2738 0-1 0.156 - 28.01 0-16.02 0-199.5
and water " -0.78 5.35

@ From 266 frictional pressure drop data points for saturated two-phase flow boiling from current database with flow quality ranging from 0 to 1.
> From 2378 frictional pressure drop data points for saturated two-phase flow boiling by Kim and Mudawar [37] with flow quality ranging from 0 to 1.

data. Another unique trait is observed in Fig. 3(d) for LNe based on
having the highest value of Sug, p among all fluids including cryogens.
Hence, LNe exhibits stronger stabilizing surface tension force on the
annular free-surface as compared to the destabilizing viscous shear force
on the vapor-core-side of the same annular free-surface. Hence, the
relatively stronger surface tension force in the vapor core region would
tend to keep the free-surface interface in the annular flow region stable
without causing any liquid entrainment in the vapor core of the annular
region. Therefore, for LNe, a stable separated, annular flow regime will
be established downstream which would later be identified to work best
with the Separated Flow Model.

Fig. 4(a) shows that cryogens in general possess a lower density ratio,
pf/pg as opposed to water and refrigerants, with LHe having the lowest
ratio among cryogens. The consequence of density difference, py - pg,
trends for cryogens is captured in variations of the Bond number, Bd,
with reduced pressure, Fig. 4(b). Since Bd is the ratio of buoyancy force
to surface tension force, which both generally have low values for
cryogens, the corresponding Bd trends are not straightforward. It is seen
that, while LHe and LNe exhibit relatively high values of Bd, LH; and

LCH,4 show comparatively low values. Fig. 4(c)-(d) show both LHe and
LH; also exhibit higher values of liquid-only Weber number, Wey, p, and
liquid-only Capillary number, Cay, (~Wejs, p/Res, p). This is indicative of
comparatively weaker surface tension for LHe and LHy compared to
other cryogens. However, this trend is not reflected in the same manner
for LHe by Suy, p, in Fig. 3(c), which is applicable to free-surface liquid-
vapor interface observed in annular flow regime. To better understand
the trends of Sug, p and Wey,,p, it is important to point out the difference
in the applicability of inferences derived from the trends of Suratman
number and Weber number. While Suratman (or Laplace) number is
applicable to free-surface liquid-vapor interface, viz. annular flow,
Weber number is applicable to strongly curved interfaces, viz. vapor
bubbles. Thus, for LHe, high values of Bd, Wey, p, and Cay, are indicative
of stronger buoyancy force, liquid inertia force, and liquid viscous shear
force on the vapor bubbles as compared to the surface tension force in
the dispersed bubbly flow regime. Hence, the liquid-vapor curved
interface for LHe would tend to get unstable and break into smaller
bubbles if one of three aforementioned forces act on it. This further
explains the nature of bubble and flow features for LHe which tends to
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be dispersed flow dominant whose frictional pressure gradient is seen to
be best captured using Homogenous Equilibrium Model which are best
applicable to dispersed flows. Hence, despite LHe vapor bubbles coa-
lescing to form large oblong vapor bubbles, the relatively stronger
destabilizing liquid inertial force and liquid viscous shear force in the
liquid continuum region as opposed to stabilizing surface tension force
would tend to distort and break the strongly curved bubble interface,
reducing the large vapor bubbles to smaller vapor bubbles, by virtue of
high values of Wes,p and Cag,. Hence, throughout the tube, LHe flow
features tend to be dispersed flow dominant, be it in the bubbly flow
region (due to high Wey, p and Cag,) or in the annular flow region with
high liquid droplet entrainment in the vapor core (due to low Sug, p).
This behavior is truly unique to LHe. Fig. 4(e) shows that cryogens
generally exhibit higher liquid-only Froude number (Frs,p) values,
especially LHy, LHe and LCHy4, than water and refrigerants, which im-
plies stronger inertia compared to gravity. Finally, Fig. 4(f) shows that
LHe and LNe have the highest values of Galileo number, Ga, with implies
they are associated with higher ratio of buoyancy to viscous force
compared to other fluids. Figs. 4(e) and (f) combined show relative
importance of inertia, viscous force, and gravity for the different
cryogens.

Given the trends presented thus far, it is evident that (i) cryogens
behave differently from water and refrigerants, and (ii) even among
cryogens, LHe and LNe act as outliers. These facts suggest that owing to
unique fluid physics of cryogens, pressure drop and heat transfer cor-
relation studies are best pursued separately from those of other fluid
classes, with LHe and LNe requiring special treatment among the
cryogens.

In addition to the fluid physics unique to cryogens, there are several
experimental issues unique to cryogens, especially temperature mea-
surement uncertainties, heated tube material axial conduction effects,
and extreme (supercritical) wall and vapor temperatures attainable post-
CHF. These have been addressed extensively in previous studies by the
current authors [33-35] as part of their investigation of cryogenic flow
boiling spanning the entire boiling curve.

To achieve the goal of developing frictional pressure gradient cor-
relations for saturated two-phase flow for cryogens, data are amassed
from the literature and consolidated into a new Purdue University-

Boiling and Two-Phase Flow Laboratory (PU-BTPFL) Cryogenic Two-
Phase Flow Total Pressure Drop Database (PU-BTPFL Cryogenic Pres-
sure Drop Database for short), which will be discussed in subsequent
sections, the largest ever assembled for cryogens. Table 1 provides de-
tails of ranges of saturated adiabatic two-phase flow data within the
present consolidated database, including controlled variables (Pg, D, G,
and x) and associated flow characterizing dimensionless numbers (Rey,,
D> Regp, and Reg p), alongside the largest adiabatic two-phase pressure
drop database for mostly other fluid classes from Kim and Mudawar
[36]. Table 2 provides similar details for saturated flow boiling data
within the present consolidated database and that of Kim and Mudawar
[37]. These two tables show that despite the low data count for cryo-
gens, the operational range span is comparable to the ones generated by
Kim and Mudawar [36,37] for other fluid classes, which further speaks
to the broad applicability of the present consolidated database for
analysis of pressure drop for cryogens.

1.3. Objectives of Present Study

The present study is motivated by (i) the lack of a unified, compre-
hensive, and reliable total pressure drop (AP7) database for both adia-
batic (liquid-vapor) saturated two-phase flow and saturated flow boiling
of cryogens in a uniformly heated tube, and (ii) the lack of an accurate
correlation universally valid for different cryogens. Following are key
objectives of the study:

(1) Amass from the world literature cryogenic saturated flow APy
data (both for adiabatic liquid-vapor and for saturated two-phase
flow boiling) for cryogens in uniformly heated tubes.

(2) Using systematic criteria, assess the accumulated data on a point-
by-point basis to exclude any that are inaccurate or missing vital
information such as operating conditions.

(3) Compile the data into a new consolidated database Purdue
University-Boiling and Two-Phase Flow Laboratory (PU-BTPFL)
Cryogenic Total Pressure Drop Database (PU-BTPFL Cryogenic
Pressure Drop Database for short) after applying the exclusion
criteria.
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Table 3
Two-phase mixture viscosity models employed in the Homogenous Equilibrium
Model (HEM).

Author(s) Equation
McAdams et al. [38] 1 x 1-x
Hp Mg Hf
Akers et al. [39] _ Hy
Bp =7 K057
[(1 —X) +x(i> ]
vf
Cicchitti et al. [40] Hyp =X+ (1 — X)ps
Owens [41] Hp = Hy

Dukler et al. [42] Xvgty + (1 — X)vsuy

Ho = xvg + (1 — x)vf
Lin et al. [43] e = HeHg
P g+ XV (e — i)
Beattie and Whalley [44] Hp = opg+ (1 — 0)(1 + 2.50)u;

X0g
w =
Df + .X'l)fg

(4) Carefully segregate the data based on fluid (LHe, LHy, LNe, LNo,
LCHy), flow orientation (vertical upflow, vertical downflow,
horizontal flow), inlet fluid state (subcooled liquid, saturated
liquid, two-phase mixture), two-phase flow distribution (turbu-
lent liquid-turbulent vapor, turbulent liquid-laminar vapor,
laminar liquid-turbulent vapor), dominant two-phase flow
regime (dispersed flow, separated flow), and tube material.

(5) Identify new physics-based classifiers that aid in understanding of
physics unique to cryogens prior to correlation development.

(6) Apply the new physics-based classifiers to segregate dispersed
flow cryogenic total pressure drop data from separated flow data.

(7) Assess the performance of prior seminal two-phase frictional
pressure gradient correlations using the PU-BTPFL Cryogenic
Pressure Drop Database.

(8) Using the PU-BTPFL Cryogenic Pressure Drop Database, develop
new universal two-phase frictional pressure gradient correlations
for cryogenic saturated two-phase flow.

(9) Identify gaps in the available data which warrant further experi-
mental investigation.

(10) Recommend a methodology for acquiring future APt data in a
manner that is conducive to refining two-phase frictional pres-
sure gradient correlations and/or mechanistic models.

2. Pressure Drop Calculation Methods
2.1. Two-Phase Pressure Drop Components

In two-phase flow experiments, the total pressure drop across the
ends of the tube is dictated by (i) heating conditions (adiabatic versus
diabatic/boiling), (ii) flow orientation, and (iii) flow regime develop-
ment along the tube. Based on the experimentally controlled variables of
G, q, X, in, heated length, Ly, and inlet pressure, P;;, a range of flow re-
gimes can be achieved, culminating in a region where saturated flow
boiling will occur. The exhaustive set of possible flow regimes for all
possible permutations of operating conditions that culminate in a satu-
rated flow boiling region in a uniformly heated tube were discussed in
detail in Ganesan et al. [34]. One such possible permutation is shown in
Fig. 5, where both bubbly flow and annular flow are observed in the
saturated boiling region. Notice that with a subcooled inlet (x i < 0),
the saturated boiling region extends from x, = 0 to x, = 1 beyond the
location of Dryout-type CHF for low G, low g, and large Ly/D. This
particular permutation is one that includes all possible flow regimes
within the saturated boiling region from bubbly to slug to annular to
mist. Fig. 5 also shows the variations of pressure and pressure gradient
along the tube.

To better understand those variations, the two-phase total pressure
drop within the saturated region (0 < x, < 1) can be expressed as the
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sum of frictional, gravitational, and accelerational components,
APy, = APy p + APy + APjpa 1)

The two-phase acclerational pressure gradient can be expressed as
dP d {0 o1 —x)

N — G|y f 2
(dz>,,,_A & { o« i-w @

where x and « are values of local flow quality and local void fraction.
And the two-phase gravitational pressure gradient can be expressed as

_<§) = [ap, + (1 —a)p,] gsind (3
< w,G

where 6 is the tube’s angle of inclination from horizontal.

For the special case of adiabatic two-phase flow, the two-phase
accelerational pressure gradient, — (dP/dz),,,, can be approximated
to zero because of negligible property variations with pressure. Addi-
tionally, for horizontal flow orientation (6 = 0), the two-phase gravi-
tational pressure gradient, — (dP/dz),, ¢, is equal to zero. Hence, for
adiabatic horizontal two-phase flow, the two-phase total pressure drop
would equal the frictional pressure drop (APy = APy r).

The two-phase frictional pressure gradient, — (dP/dz),p, can be
predicted according to either the Homogeneous Equilibrium Model
(HEM) or semi-empirical Separated Flow Model (SFM) correlations.
HEM treats the two-phase mixture as a pseudo-fluid possessing proper-
ties that are dictated by local flow quality. Further, HEM assumes that
both the liquid and vapor are moving with the same velocity (uf = ug =
Umix,qEm)- The SFM formulation on the other hand allows separate
treatments of the liquid and vapor flows by allowing different phase
velocities (usspm # ugsrm). Hence, using HEM to predict the two-phase
frictional pressure gradient is more appropriate for dispersed flow re-
gimes (bubbly flow pre-CHF and mist flow post-CHF), whereas SFM is
more appropriate for separated flow regimes (annular flow pre-CHF and
inverted annular flow post-CHF).

With HEM, the two-phase frictional pressure gradient can be deter-
mined from

B (d_P) _ 2,6 _2,G (i L1 x) @
dz ».F P rpD D Pq Pr

where

fp = 16Re,}, for Re,, p < 2000 (5a)

fp = 0.079Re, %5 for 2000 < Re,, p < 20,000 (5b)

and

fp = 0.046Re,’; for Re,, > 20,000 (5¢0)

Table 3 provides several two-phase mixture viscosity (u,,) relations
that are used to calculate the two-phase Reynolds number, Rey, p, which
is defined as

GD
Repp =— ©

p

Table 4 shows a summary of seminal semi-empirical SFM-based
formulations for determining the two-phase frictional pressure gradient.
Although a more comprehensive list of SFM correlations is provided in
Kim and Mudawar [48], only those correlations that exclude
micro-channels are provided in Table 4 considering their applicability to
the data points in the PU-BTPFL Cryogenic Pressure Drop database with
2.13 < D (mm) < 12.88. In the SFM formulation, the two-phase fric-
tional pressure gradient can be determined using either Eqgs. (7) or (8).
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Table 4
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Summary of seminal semi-empirical Separated Flow Model (SFM) formulations for two-phase frictional pressure gradient.

Author(s) Equation(s) Semi-Empirical Formulation
Lockhart & Martinelli _ (d_P> _ (Q) e C
ac dz)pp  dz)ypp Resp > 2000, 20
(dp Regp > 2000 (tt)
[45] c 1 - E) . Refp > 2000, Regp < 2000, 10
whereqb?:l-%—}—(-%—ﬁ,XZ:WW ()
P s G2(1—x)>  (dP i g G2 gD 2 v
- —) ~HpG U 7(—) ~FrsGx Rep < 2000, Regp < 2000, 5
dz) o5k psD dz/) ger peD

fopk = 16Re} for Rep < 2000
fiok = 0.079Re; 5% for 2000 < Rexp < 20,000
fiok = 0.046Re; 97 for Reyp > 20,000

Rerp = M Regp = %
He He

where subscript k denotes f or g for liquid and vapor phases, respectively
Friedel *° dP dpP 5

-(F) =-(F P

[46] tp.F spfoF
where
_ ‘LP) _ 2fspf0G2
) gpor PP

fopko = 16Relp, for Regop < 2000
fipko = 0.079Re; %2 for 2000 < Reg,p < 20,000
ko = 0.046Re; %2 for Rex,p > 20,000
P. ko.D
G? G’D 1
Frpp = —— Wepp = 2 X

&Dpyy’

- 1-x
Pps Py Py Py
GD GD
Refop = —— Regop = —
Hy Hg
where subscript ko denotes fo or go for liquid and vapor phases, respectively

Miiller-Steinhagen dP dP 5
& Heck™* [47] - (E> wE (E)Sp.fovk"’fo
where
_ ‘LP) _ Y@ (E) _ Hoal®
dz) por PP \d2) gk pD

fopko = 16Re ), for Reg,p < 2000
fopko = 0.0791’22;0'25 for 2000 < Rey,p < 20,000

0.D
fopko = 0.046Re, %2 for Rey,p > 20,000
GD GD
Refop = —, Regop = —
Hf Hg
where subscript ko denotes fo or go for liquid and vapor phases, respectively.

Kim & Mudawar™? dP dpP 2
-(F) =G 9
[37] tpF sp.LF
&)
2 9 l 2 dz sp.f.F
whereqbf =1 +X+XZ’X 777(£>
dz sp.e.F
dP) 2fpsG*(1 —x) (dP) P -1
(£ el Sl Bl ==25"" fok = 16Re;p, for Rexp <
dz spf.F /’fD dz sp.g.F pSD ¥ ke ’
2000

fipk = 0.079Re; %25 for 2000 < Rey p < 20,000
fopk = 0.046Re; 82 for Regp > 20,000

GD pgoD G°D
Refyp = —, Stigop = o, Wepop = ——, Bo = G%
Hr Hg Pso fg
GD.
, Regp = =
{3
where subscript k denotes f or g for liquid and vapor phases, respectively

D(1 —
Ref_D:Lx)

)

# = -0 (Y)

Pg

3.24x078(1 — x)022¢ (ﬂi> ”
Pg

®-olz) )

Resp > 2000, Regp >
2000 (tt)
Resp > 2000, Regp <
2000 (tv)
Resp < 2000, Regp >
2000 (vt)
Resp < 2000, Regp <
2000 (vv)

for Resp > 2000
for Rerp < 2000

(o)«

. 019 o7
(’3) (1 _ ’g) Fr;,f’,go"s Wel;gboss

Hy Hf

T
sp.fo

()<
g

Cuadiabatic

P, 0.35
0.386ReQ23SU%0 (i>
Pg

17/ 0.14
8.7 x 10-*ReZ7Su0% (_)
Py

7 0.36
0.0015Re% % Sul12 (l>
Pg

7 0.48
3.5 x 10-5Rel, #5005 (i)
Pg

C = Cadiabaric [1 + 60Wel 73 Bo®78)
C = Cudiabatic|1 +
530We}37?DzBol 09]

@ Applicable to only saturated adiabatic liquid-vapor two-phase flows.

b Applicable to both saturated adiabatic liquid-vapor and saturated flow boiling two-phase flows.
¢ Recommended for macro-channel two-phase flows.

4 Recommended for mini- and micro-channel two-phase flows.

(dZ)
wp,F
(dP> F
dz ip.

g
g

dpP )
d—) 9
spf.F

dP 2
> 0. fo
spifo,F

dz

)

(8

Egs. (7) and (8) express the two-phase frictional pressure gradient as
the product of the frictional pressure gradient for liquid phase and a
corresponding two-phase frictional pressure drop multiplier. While in
Eq. (7), the frictional pressure gradient for the liquid phase is based on
the actual liquid flow rate, in Eq. (8) the frictional pressure gradient for
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the liquid phase is based on the total flow rate. While Lockhart and
Martinelli [45] and Kim and Mudawar [37] follow the functional form of
Eq. (7), Friedel [46] and Miiller-Steinhagen and Heck [47] follow Eq.
(8). Detailed relations to find both the frictional pressure gradient for
liquid phase and the corresponding two-phase multipliers are given in
Table 4.

The two-phase pressure drop, APy, is determined by numerically
integrating the sum of frictional, gravitational, and accelerational
pressure gradient components over the saturated boiling length, also
referred to as the two-phase length, Ly,.

Lyp
dp dp dap
s [ 8,5, (), )
” s |: dZ p.F dZ p,G dZ A

Since this study is focused on saturated two-phase flow, Ly, is defined
as the distance between the locations where the thermodynamic equi-
librium quality, x,, is equal to 0 and 1. Thus, the two-phase length, Ly, is
defined as

9

Ly = Z¢=1 — Ze=0 (10)

where x, at any z location can be found using a simple energy balance.
2.2. Single-Phase Pressure Drop Components

In the current study, the region of non-equilibrium before the satu-
rated boiling length, z,,_o — 2x—o, is not considered in two-phase pres-
sure drop calculations and this region is merged with the single-phase
liquid region. Similarly, the region of non-equilibrium after the satu-
rated boiling length, 2,1 — 2,,-1, is not considered in the two-phase
drop calculations and this region is merged with the single-phase
vapor region. Hence, the single-phase liquid length, Ly s and the
single-phase vapor length, Ly, , are defined, respectively, as

LYFJ = Z-’%:U - le,:min{.rl, ,,1,0} (11)

LW~S = Zx(‘:max{xu,,,hl} — =1 (12)
In either of the single-phase regions, the single-phase pressure drop,
APy, is determined by numerically integrating the sum of frictional and

gravitational pressure gradient components over the corresponding
single-phase length, Ly,
Ly

[1-)., (). )

where the single-phase frictional pressure gradient can be expressed as

AP, = (13)

dP 2f,yG*
(&), 5% o
where
fi = 16Re_),, for Re,, p < 2000 (15a)
fip = 0.079Re, %;*for2000 < Re, , < 20,000 (15b)
and
fop = 0.046Re_ " for Re,, p > 20,000 (15¢0)

In Eq. (15a)-(15c¢), the single-phase Reynolds number is found by eval-
uating the single-phase viscosity at the local pressure and bulk tem-
perature, with the latter found using energy balance.

GD

Reg,p =—
sp

(16)

10
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The single-phase gravitational pressure gradient can be expressed as

<dP) = sind
dZ G - ps])g

where the single-phase density is also evaluated at the local pressure and
bulk temperature.

a7

2.3. Determination of Measured Two-Phase Frictional Pressure Drop from
Measured Total Pressure Drop

The total pressure-drop, APy, in a straight heated or unheated tube
can be expressed as

AP; = AP,,; + AP, + AP,,, (18)
where the single-phase pressure drop components can be zero or non-
zero depending on the inlet quality and exit quality conditions in
accordance with Egs. (11) and (12). Thus, for a given experimental total
pressure drop, APr,.p, across a straight heated or unheated tube, the
experimental two-phase total pressure drop, APy, ey, is given by

APrp,exp = APT,exp - AP.\'pf - AP.\p.g (19)
and the experimental two-phase frictional pressure drop, APy, rexp, can
be expressed as

APy Fep = APrey — APgy — APy o — APy, g — APy, 4 (20)
where, APy, rexp Would vary depending on the relation for void fraction,
a, used to calculate the accelerational (APy, 4) and gravitational (APy, )
pressure drop components. This will be discussed in the next section.

From the above analysis, the axial variation of pressure and pressure
gradient along a heated tube incurring saturated two-phase flow boiling,
as shown in Fig. 5, can now be better understood. Due to the hydraulic
resistances offered in the single-phase liquid, two-phase, and single-
phase vapor regions, the local pressure decreases monotonically from
Py, at the inlet to P,y at the outlet. Additionally, the pressure drop
gradient is shallowest in the single-phase liquid region, steeper in the
single-phase vapor region and steepest in the two-phase region, espe-
cially in the annular flow region where separated flow exists. The
pressure drop gradients in the single-phase liquid and single-phase
vapor regions are only due to the frictional components, but the vapor
region has a steeper frictional pressure gradient due to its lower density
that increases the vapor velocity from mass conservation. The pressure
gradient in the two-phase region is due to both the frictional and
accelerational components, with the latter resulting from the phase
change occurring between the liquid and vapor adding momentum to
the flow.

2.4. Void Fraction Relations

The choice of relation for void fraction, @, plays an important role is
determining the two-phase accelerational and gravitational pressure
gradients as seen in Egs. (2) and (3). In general, void fraction can be
expressed in terms of flow quality, x, density ratio, pe/py, and slip ratio, S
= Ug/Uys.

1— -1
[+ ()G
x s
Since, HEM assumes a slip ratio of unity, or uy = uy, Eq. (21) can be
simplified for HEM as

e ()2

It is recommended to use Eq. (22) when finding the two-phase
accelerational and gravitational pressure gradients when employing

2D

(22)
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Fig. 6. Assessment of theoretical limits of vapor core and liquid film velocities
in separated flow predicted with void fraction relations by (a) Lockhart and
Martinelli [45] and (b) Zivi [50] for LH, undergoing saturated adiabatic
two-phase flow, with Reg, p = 5000, D = 5 mm, Pg;, = 0.5, and flow quality
ranging from O to 1.

the HEM formulations described in Egs. (4)-(6) and Table 3.

On the other hand, SFM assumes a finite slip ratio and hence is
dependent on semi-empirical relations to estimate the void fraction.
Although a detailed review of void fraction models has been performed
by Ghajar and Bhagwat [49], this study focuses on the seminal and
widely popular void fraction relations by Lockhart and Martinelli [45]
and Zivi [50], which are given, respectively,

_ 2/37 !
tsrns = |1+ (‘ x) (&) @3)
X oy
and
0.64 036 00797
asm = | 14028 (1 - x) (Fﬁ) b (24)
X Pr He

The slip ratio, S, corresponding to both these void fraction relations
can be found by combining Eqgs. (23) and (24) with Eq. (21). The slip
ratios according to Lockhart and Martinelli and Zivi’s void fraction re-
lations are given, respectively, by Eqgs. (25) and (26)
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~1/3
5= e~ (&) | 25)
Uy sPm Ps
and
036 064 0.07
S— Ug SPM _ 028 (l — x) (&) Ky 26
IA/,SFM X pf ﬂg

With strikingly different functional forms, it is imperative to check
which of the two void fraction relations would capture the true fluid
physics in a separated flow. Fig. 6 compares theoretical limits for ve-
locities of the vapor core (ugsry) and liquid film (uzspy) in separated
flow according to the relations by Lockhart and Martinelli and Zivi for
LH, undergoing saturated adiabatic two-phase flow under idealized
operating conditions of Res, p = 5000, in a 5-mm diameter tube, with an
inlet reduced pressure of Pg j, = 0.5, and with flow quality ranging from
0 to 1. As reference, the two-phase mixture velocity (Upix,uem) based on
the HEM model is also shown to check for the limiting conditions of x =
0 and 1 (where HEM is valid because of existence of only liquid or only
vapor). Derived from mass conservation, also shown in Appendix 1, the
analytical expressions for UmixHem, Ufsrm, and ugspy are given, respec-
tively, by

G 1-
Upmix HEM = —— = G<£+ x) 27)
» Py Pr
G
_ 28
Ur sPm asp, + 1 *(l)ﬂf (28)
and
G
UgSFM = (g — (29)
ap, + T(/}f

Hence, under the limiting condition of x = 0 (saturated liquid), the
two-phase mixture velocity converges to saturated single-phase liquid
velocity, Unicmm = G/pf = u;. Additionally, under the limiting condi-
tion of x = 1 (saturated vapor), the two-phase mixture velocity con-
verges to saturated single-phase vapor velocity, Umixmm = G/pg = U,.
Similarly, under the limiting conditions of @ = 0 at x = 0 (flow area
occupied by saturated liquid), ussm = G/pf = 1. And under the
limiting conditions of @ = 1 at x = 1 (flow area occupied by saturated
vapor), Ugspy = G/pg = U.

However, for the analytical expressions of phase velocities for
separated flows derived in Appendix 1, there are two additional condi-
tions that need to be satisfied under the limiting values of ¢ = 0 and @ =
1. These analytical expressions for the vapor core and liquid film ve-
locities in an idealized annular separated flow are determined by mass
conservation and are bounded on the extremities by pure liquid (a = x =
0 where Af = A and Ag = 0) and by pure vapor (¢ = x = 1 where A; =
0 and A; = A). When the flow area is completely filled with saturated
liquid (@ = 0 at x = 0), in addition to ursmy = G/p; = Uy, the vapor core
velocity should also converge to 0 due to non-existence of an interface, i.
e., Ugspy = 0. Similarly, when the flow area is completely filled with
saturated vapor (a = 1 at x = 1), in addition to the condition of ugsmy =
G/pg = ug, the liquid film velocity should also converge to 0, i.e., ugspm
=0.

It is evident that, while the Lockhart and Martinelli void fraction
relation in Fig. 6(a) does satisfy all the aforementioned limiting condi-
tions for phase velocities at both x = 0 (uzspy = urand ugspy = 0) and x
=1 (uzspm = 0 and ug spy = Uy), Zivi’s relation in Fig. 6(b) only satisfies
ugsem = Us at x = 0 and ugspy = Ug at x = 1. Hence, this study adopts
Lockhart and Martinelli’s void fraction relation, Eq. (24), when calcu-
lating the two-phase accelerational and gravitational pressure gradients
using the SFM formulations described in Eqs. (7) and (8) and Table 4.
Additionally, a very interesting physical inference on the crossover of
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Table 5
Data exclusion strategy for single component total pressure drop data for sub-critical saturated cryogenic flow boiling in uniformly heated straight tubes with pre-
scribed inlet conditions.

Reference Deviation from Missing Miscellaneous Remarks
standard flow data factors
configuration®

(a) Complete Exclusion

Pope et al. [51] [ ] Inlet pressure information missing
Jones and Altman ) Circular test section with a U-bend
[52]
Keilin et al. [53] ) Only overall range for mass velocity provided
La Harpe et al. ) Helically coiled tube test section
[54]
Jergel and ) Rectangular channel test section with only a small fraction of test section heated
Stevenson [55]
Jergel et al. [56] ) Rectangular channel test section with only a small fraction of test section heated
Steiner and [ ] Inlet quality information missing
Schliinder [57]
Steiner and [ Repetitive data from Steiner and Schliinder [57]
Schliinder [58]
Deev et al. [59] ) Data points are provided in the form of friction multiplier © across the test section
Ziist [60] [ Test section dimensions unclear
Deev et al. [61] [ ] Inlet quality information missing for certain data points; data points are provided in the form of
dimensionless two-phase frictional pressure drop ¢ across the test section
Petukhov et al. [ ] [ ) Only overall range for mass velocity and inlet quality provided for certain data points; heat flux
[62] information missing for certain data points; data points are provided in the form of dimensionless
two-phase frictional pressure drop ¢ across the test section
Miiller et al. [63] [ Inlet quality information missing
Vishnev et al. [64] [ Inlet quality information missing
Mamedov et al. [ ) Data points are provided in the form of dimensionless two-phase frictional pressure drop “ across
[65] the test section
Gan and Filippov ) Data points are provided in the form of dimensionless two-phase frictional pressure drop “ across
[66] the test section
Subbotin et al. ) Data points are provided in the form of friction multiplier © across the test section
[67]
Subbotin et al. [ ] [ ) Inlet quality information missing; certain data points provided for decreasing heat flux
[68]
Popp and Preclik [ ) Repetitive data from Hendricks et al. [70]
[69]
Huang and Van [ ) Repetitive data from Huang [72]
Sciver [71]
Filippov [73] [ Tube diameter information missing
Qietal [74] o Heat flux, inlet quality, and inlet pressure information missing
Rane et al. [75] [ ) Repetitive data from Vishnev et al. [64]
Mustafi [76] ) Dryout occurred in a helically shaped pre-heater
Deng et al. [77] [ Two-phase flow in heated U-tubes
Dittmar et al. [78] [ ] Flexible tube test section
Chang et al. [79] ® Flexible tube test section
Chen et al. [80] [ Inlet quality information missing
(b) Partial Exclusion °
Hendricks et al. ) Certain data points provided for supercritical pressures
[81]
Mohr and Runge [ ] Heat flux and inlet quality information missing for certain data points
[82]
Huang [83] [ ] Certain data points are provided in the form of friction multiplier “ or dimensionless two-phase
frictional pressure drop ¢ across the test section
Van Noord [28] ) [ ) Certain data points provided for supercritical pressures; certain data points exhibit negative

pressure drop

@ Standard flow configuration is a uniformly heated straight circular tube with heat applied externally into the single-component fluid.

b Select data points were excluded while the remaining have been used in the present study.

¢ To estimate total pressure drop, APy, from two-phase frictional pressure drop multiplier (APy, g/ APgp £, 1), information for single-phase friction factor is required
along with the information for void fraction, a, to determine the two-phase accelerational (AP, ») and two-phase gravitational (AP, ) pressure drops.

4 To estimate total pressure drop, APy, from dimensionless two-phase frictional pressure drop (AP, . = w

sp.go,F — sp,fo,F

factor is required along with the information for void fraction, @, to determine the two-phase accelerational (AP, ) and two-phase gravitational (AP, ) pressure
drops.

), information for single-phase friction

vapor core velocity (ugspy) and liquid film velocity (ugspy) from SFM direction as the liquid film loses momentum. Despite the vapor core’s
with respect to the two-phase mixture velocity (Umixurm) from HEM is momentum gain, it is only beyond the crossover point (usspv = Unmix, HEM
observed in Fig. 6(a). As the flow quality and therefore the void fraction = ug spyp) that the vapor velocity begins to exceed the two-phase mixture
increase, the vapor core gets thicker while the liquid film gets thinner. velocity from HEM (i.e., ugspy > Umix,aenm) and the slip ratio begins to
From mass conservation, the vapor gains momentum along the flow exceed unity (i.e., ugspy > Usspy). Similarly, despite the liquid film’s
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Fig. 7. Variation of dimensionless two-phase frictional pressure gradient with local void fraction for (a) Liquid Helium, (b) Liquid Hydrogen, (c) Liquid Neon, (d)
Liquid Nitrogen, (e) Liquid Oxygen, and (f) Liquid Methane for saturated adiabatic two-phase flow with Res, p = 5000, D = 5 mm, and Pg i, = 0.5, using both HEM
with relation by Dukler et al. [42] and SFM with semi-empirical formulation by Kim and Mudawar [37].

momentum loss, it is only beyond the crossover point that the liquid film
velocity drops below the two-phase mixture velocity from HEM (i.e., us
srM < Umix,gEM) and the slip ratio exceeds unity (i.e., ugsms > ufsem)-
Overall, both these trends beyond the crossover point strongly allude to
separated flow physics encountered at void fractions high enough to
create significant momentum in the thick vapor core and a slip ratio
greater than unity. The significance of the crossover point in demar-
cating dispersed flow dominant cryogenic data from separated flow
dominant data will be explained in a later section.

3. Compilation of PU-BTPFL Cryogenic Pressure Drop Database

As indicated earlier, the present study involves exhaustive mining of
total pressure drop data for saturated two-phase flow of cryogens from

13

all literature sources available to the present authors. This included (i)
major cryogen journals (e.g., Cryogenics (Elsevier), Advances in Cryo-
genic Engineering (Springer), (ii) major cryogen conferences (e.g., In-
ternational Cryogenic Engineering Conference), (iii) NASA and NIST
technical reports, and (iv) other sporadic publications, reports, and
theses from across the globe.

Total pressure drop data are extracted only from references with
clearly prescribed inlet conditions, i.e., APt = f (q, Pin, Xe,in, G, D, Lpp). For
the two-phase flow data, in order to ensure that the experimental two-
phase frictional pressure drop is accurately evaluated using Eq. (20),
experimental data reported in the form of either two-phase frictional
pressure drop multiplier (APy, r/APg ) or dimensionless two-phase

APpr—APyfor

m) are not included in the

frictional pressure drop (
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Fig. 8. Application of proposed demarcation of dispersed flow dominant from
separated flow dominant data against both saturated adiabatic liquid-vapor
flow data and saturated flow boiling data using the dimensionless two-phase
frictional pressure drop in the present PU-BTPFL Cryogenic Pressure
Drop Database.

database, due to missing information for single-phase friction factor.
Four kinds of total pressure drop data are extracted: (i) total pressure
drop across a heated tube undergoing single-phase flow satisfying one of
two criteria, Xe i, < 0 with x4, < 0 for pure subcooled liquid single-
phase flow, and x.;; > 1 with X0y > 1 for pure superheated vapor

International Journal of Heat and Mass Transfer 220 (2024) 124901

single-phase flow, (ii) total pressure drop across an unheated tube un-
dergoing single-phase flow satisfying one of two criteria, X¢in = Xe,our =
0 for pure saturated liquid single-phase flow, and X in = X¢our = 1 for
pure saturated vapor single-phase flow, (iii) total pressure drop across
an unheated tube undergoing saturated adiabatic liquid-vapor two-phase
flow satisfying the criteria 0 < x¢in = X our < 1, and (iv) total pressure
drop across a heated tube undergoing saturated flow boiling satisfying
both the limiting criteria for saturated region of x i, < 1 (upper limit) and
Xe,out > O (lower limit). Since both dispersed and separated flow features
can be observed even in post-CHF regions, both dispersed/mist flow
post-Dryout type CHF and inverted annular flow post-DNB type CHF,
saturated boiling data incurring CHF within the saturated boiling region
are also included in the database. The single-phase flow data are used
exclusively to validate the single-phase frictional pressure gradient re-
lations, Egs. (14) and (15a-c), while the saturated two-phase flow data
are used to develop a new correlation method for cryogenic two-phase
frictional pressure gradient.

The data mining effort is complicated by difficulty acquiring certain
references because of such factors as (a) lack of availability from inter-
national interlibrary services, (b) reluctance of a few investigators to
share their own data, and (c) lack of English translated versions of
foreign literature with data. Avoidance of duplicate data is a thorough
and time-consuming effort, necessitated by the fact that many published
works lack clear indication of sources for the data presented. Overall, the
possibility of data duplication in the total pressure drop database is
prevented by careful point-by-point inspection of the acquired data.

After completing the initial data mining effort and making certain of
absence of duplicate data, efforts shifted to excluding data that do not
strictly conform to the following uniformity requirements:

o Separated Annular Flow Dominant Data
1.15 Ug sim > Upix em@nd Ug sey > Up sy
o

%
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o o

2.0 T
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Fig. 9. Application of proposed demarcation of dispersed flow dominant from separated flow dominant data against both saturated adiabatic liquid-vapor flow data
and saturated flow boiling data using relevant velocity ratios in the present PU-BTPFL Cryogenic Pressure Drop Database.
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Table 6
Summary of physics-based classifiers to demarcate dispersed flow dominant region from separated flow dominant region for acceptable data in the PU-BTPFL
Cryogenic Pressure Drop (APr) Database.

Reference Acceptable Reduced Void Liquid Vapor Proposed Classifiers Evaluated at the Outlet Remarks
APr Pressure  Fraction Reynolds Reynolds
data points Number Number
Pr Qout Rep,out X Reg p,oue X AP}k Exp AZgat tot. Ug SFM Ug SFM
1073 1073 Ly Ur sFm Umix, HEM

b
c d e

Saturated Adiabatic Two-Phase Flow

Liquid Helium
Khalil [84] 96 0.47 0.27 1.1 2.5 0.04 - ¢ 0.19 0.25 Brass tube
0.91 0.99 143.2 296.4 1.27 - 5.52 1.02 Orientation 1 VU
State °: adiabatic two-phase
Flow " vt, tt
Huang [83] 110 0.29 0.004 2.3 0 0.01 - ¢ 0.02 0.02 Brass tube
0.53 0.98 102.7 214 0.82 - 3.34 1.04 Orientation : H
State ®: adiabatic two-phase
Flow " tv, tt
Liquid Neon
Mohr & Runge 2 0.06 0.75 3 8.8 0.25 - 2.53 1.10 SF-Copper tube
[82] 0.06 0.87 3.9 26.5 0.66 - 4.1 1.18 Orientation ' H
State ®: adiabatic two-phase
Flow ": tt
Saturated Flow Boiling
Liquid Helium
Khalil [84] 117 0.49 0.24 0 1.5 0.004 0.144 0.169 0.21 Brass tube
0.89 0.99 137 334 1.006 1.125 28.08 1.02 Orientation : VU
State ©: Pre-CHF saturated
boiling
Flow : vt, tt, tv
Liquid Hydrogen
Hendricks et al. 17 0.14 0.76 137 1066.5 0.126 0.692 1.147 0.795 Inconel tube
[70] 0.38 0.97 1068 3712 1.49 1.198 4.405 0.956 Orientation : VU
State °: Post-CHF inverted
annular film boiling
Flow " tt
Hendricks et al. 8 0.43 0.46 13.4 288.8 0.375 0.119 0.32 0.45 Inconel, Inconel X, SS304
[81] 0.86 0.99 1795 6322.2 1.725 0.886 4.25 1.011 tubes
Orientation ': VU
State ®: Post-CHF inverted
annular film boiling
Flow : tt
Liquid Neon
Mohr & Runge 79 0.056 0.82 0.5 16.5 0.312 1.291 3.267 1.024 SF-Copper tube
[82] 0.056 0.97 3.6 85.7 3.602 > 1000 10.55 1.139 Orientation ": H
State ©: Pre-CHF saturated
soiling
Flow " vt, tt
Liquid Nitrogen
Laverty & 41 0.034 0.90 0 52.5 0.185 1.001 5.97 1.002 SS304 tube
Rohsenow [85] 0.042 0.99 11.5 370.2 1.253 1.009 52.06 1.062 Orientation : VU
State ©: Post-CHF dispersed
flow film boiling
Flow : vt, tt
Forslund & 4 0.05 0.95 0 139.1 0.237 0.947 7.624 1.002 SS304 tube
Rohsenow [86] 0.051 0.99 4.7 257.2 0.847 0.974 46.103 1.035 Orientation 1 VU
State ©: Post-CHF dispersed
flow film boiling
Flow : vt, tt

 Void fraction at the outlet evaluated using the relation by Lockhart and Martinelli [45].

AP, — AP,
> The dimensionless two-phase frictional pressure drop is defined as APy ppxp = CowFEp 2 sphof
o APSp.go,F - APsp.fo,F
evaluated using Eq. (20). The void fraction defined in Eq. (22) is used to predict the gravitational and accelerational (only for boiling data) pressure drop components
for HEM formulation.

, where the two-phase frictional pressure drop (AP, rgxp) is

AZgat tot. _ min{Xeout, 1}
Ly 4Bo

AZgat tot. _ min{xerutAPH7 1} Iﬂ
PH 4Bopy D

Lo\ 1
¢ The total saturation length ratio for saturated flow boiling is defined as <BH> . For adiabatic liquid-vapor two-phase flows with two-phase

mixture inlet, total saturation length ratio is defined as

-1
> . Due to no pre-heater information, this value is undetermined for adiabatic

two-phase flow data in this study.

d The saturated vapor core velocity at the outlet of the tube in an idealized separated flow (u, spm) as defined in Eq. (29). The saturated liquid film velocity at the
outlet of the tube in an idealized separated flow (u;spy) as defined in Eq. (28).

¢ The two-phase mixture velocity at the outlet of the tube in an idealized homogeneous flow (Umixnrm) as defined in Eq. (27).

f VU: vertical upflow; H: horizontal flow.
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8 State of the fluid in the saturated two-phase flow section of the tube.
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b vt: laminar liquid (Ret < 2000) — turbulent vapor (Reg > 2000); tv: turbulent liquid (Ref > 2000) — laminar vapor (Reg < 2000); tt: turbulent liquid (Re; > 2000) —

turbulent vapor (Reg > 2000).

Table 7
Summary of saturated boiling data points excluded from the PU-BTPFL Cryo-
genic Two-Phase Pressure Drop Database.

Total
APr
data

points

Non-
Equilibrium
Condition
Xeout > 1 but

Xout < 1

Reference Acceptable
APr

data points

Limiting Conditions for
AP fexp
APy fexp
<0

i«
APy pexp

>2

Liquid
Helium
Khalil [84]

122 5 117

Liquid
Hydrogen

Hendricks
etal [70]

Hendricks
etal [81]

20 2 1 17

26 17

Liquid Neon

Mohr and
Runge
[82]

82 34 79

Liquid
Nitrogen

Laverty and
Rohsenow
[85]

Forslund

60 6 13° 41

39 12 13 10 © 4
and
Rohsenow

[86]

Liquid
Methane

Van Noord 4 1 3 0
[28]

Total 353 20 40 27 266

# Limiting conditions for the dimensionless two-phase frictional pressure drop,

APy — AP, 2
min{AP;, ;} = 0 and max{AP;, ;} =2, where AP, = %
Sp,g0, sp,fo,

. These
inferences are made from Figs. 7(a)-(f).

b Applicable to post-CHF data by Hendricks et al. [81] for inverted annular
film boiling with strong non-equilibrium (x # x.).

¢ 32 data points by Mohr and Runge [82] with APy, > 2 are nevertheless
included in the database because of the possibility to attain this condition due to
high-quality two-phase mixture inlet conditions with total saturation length

ratio, where

min{xc.out: ]-} (lj> !

d A‘})%ficable t% pre-CHF data by Mohr and Runge [82] for two-phase mixture
inlet conditions and saturated flow boiling with possible non-equilibrium (x #
Xe) leading to X,y > 1 for pre-CHF data.

¢ Applicable to post-CHF data by Laverty and Rohsenow [85] and Forslund
and Rohsenow [86] for dispersed flow film boiling with strong non-equilibrium
(X # Xe).

AZgeior/Lu > 1.3 even for pre-CHF data,
H

(1) Only single-component cryogens; data for binary or higher order
mixtures are excluded.

(2) Only forced convection driven flow in tubes; data for boiling in
capillary tubes, thermosyphons, and natural circulation systems
are excluded.

(3) Flow in only straight circular tubes; data for non-circular test
sections (e.g., rectangular, square, annular, rod, bundle), helical
tubes or U-bends are excluded.

(4) Flow in only stationary tubes; data for rotating tubes are
excluded.

AZsatot.
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(5) Flow not involving use of a swirl flow promotor (e.g., twisted
tape, wire coil inserts) within the tube or upstream of the tube’s
inlet.

(6) Flow not involving use of abnormal test section inlet or outlet (e.
g., orifice plate, inlet expansion, outlet expansion).

(7) Only data for vertical upflow, vertical downflow, and horizontal
flow; data for inclines tubes are excluded.

(8) Only uniformly heated circular tubes; data for axially or cir-
cumferentially nonuniform wall heat flux are excluded.

(9) Only steady state data; transient boiling data are excluded.

(10) Only fully wetted tube data; horizontal flow boiling in stratified
and stratified-wavy flow regimes are rejected.

(11) Only pressure drop data presented by original authors with
documented values for every parameter necessary for correlating
the data (e.g., heat flux, operating pressure, mass velocity, inlet
quality, tube geometry, etc.) are considered.

This exclusion strategy, details of which are summarized in Table 5,
resulted in an initial database suitable for developing correlations (also
future models) for the saturated flow boiling frictional pressure gradient
specific to cryogens. However, it is important to note that the above do
not constitute a complete list for data exclusions, as other consider-
ations, achieved through further assessment of the amassed data as
discussed in the next section, preclude inclusion of certain additional
datapoints. These additional exclusions are used in pursuit of the final
PU-BTPFL Cryogenic Pressure Drop Database.

4. Assessment of PU-BTPFL Cryogenic Pressure Drop Database

Pursuant to application of the exclusion criteria discussed in the
previous section, further assessment of cryogenic total pressure drop
data is broadly classified into two categories based on implementation of
(i) demarcation criteria for dispersed from separated flow and (ii)
physics-based data exclusion criteria.

4.1. Demarcation Criteria for Dispersed from Separated Flow

The two-phase frictional gradient within the saturated length or two-
phase length, Ly, can be normalized by representing it as dimensionless
two-phase frictional pressure gradient, — (dP/dz),, , which is defined as

0, ()
7<£>* _ “ ».F = spfo,F
P (6.
dz dz
sp.go.F spfo.F

where — (dP/dz)g,, r represents the hypothetical single-phase liquid
frictional pressure gradient over the same two-phase length assuming
only saturated liquid flow over Ly, Similarly, — (dP/dz) represents

*

p.F>

(30)

sp.go.F
the hypothetical single-phase vapor frictional pressure gradient over the
same two-phase length assuming only saturated vapor flow over Lg,.

This hypothesis is a consequence of the HEM based formulation for
determining the two-phase frictional pressure gradient, as described in
Egs. (4)-(5a-c). At the limit of x = 0 (saturated liquid), Eq. (4) simplifies
to its minimum value corresponding to saturated liquid single-phase
frictional pressure gradient.

9. -
dz ».F spfo.F

— 31
) & (€X0)]
Similarly, at the limit of x = 1 (saturated vapor), Eq. (4) simplifies to

x=0



V. Ganesan et al.

International Journal of Heat and Mass Transfer 220 (2024) 124901

Table 8
Pure single-phase liquid and single-phase vapor total pressure drop (APg,) data for cryogens.
Reference Acceptable Tube dimensions Inlet and Operating Conditions APg, Measurements Remarks
APy
) Dx Ly/D Pin X G qx Xein APy, x APy,
data points 10° ) 106 103 102 P, X
100
[m] [Nm?] [kgm?s [Wm [N m?] [%]
Bl %]
Adiabatic Pure Single-Phase Data
Liquid Helium
Khalil [84] 18 2.13 366.3 0.107 41 0 0 1.26 0.63 Brass tube
2.73 469.5 0.207 165.58 0 0 2.28 1.96 Orientation ”: VU
State “: pure saturated liquid single-
phase
Khalil [84] 15 2.13 366.3 0.107 41 0 1 0.58 0.47 Brass tube
2.73 469.5 0.207 165.58 0 1 6.34 5.67 Orientation ”: VU
State “: pure saturated vapor single-
phase
Liquid Nitrogen
Forslund & Rohsenow 6 8.2 148.6 0.17 56.8 0 2.05 1.88 1.1 SS304 Tube
[86] 8.2 148.6 0.172 162.1 0 2.18 14.5 8.5 Orientation ”: VU
State “: pure superheated vapor
single-phase
39
Diabatic Pure Single-Phase Data
Liquid Helium
Khalil [84] 12 2.13 366.3 0.119 41 0.026 —0.54 1.27 0.69 Brass tube
2.73 469.5 0.204 168.1 0.397 —0.016 2.19 1.62 Orientation ": VU
State “: pure subcooled liquid single-
phase
12
Total 51

# For adiabatic single-phase flows, the heated length (Ly) is the same as the length of the tube across which the pressure drop is measured.

> VU: vertical upflow.
¢ State of the fluid throughout the tube from inlet to outlet.

its maximum value corresponding to saturated vapor single-phase fric-
tional pressure gradient.

@5
dz ».F pD dz sp.go.F

Thus, as the flow quality, x, increases from O to 1, the dimensionless
two-phase frictional pressure gradient, — (dP/dz),, ;, is normalized be-
tween 0 and 1 when using HEM. Mathematically, at x = 0, — (dP/dz),, »
=0,and atx =1, — (dP/dz),, = 1.

With respect to SFM formulation, although the limiting conditions at
x =0and x =1, given by Eq. (31) and Eq. (32), respectively, hold true,
as the flow quality increases from 0 to 1, the dimensionless two-phase
frictional pressure gradient can exhibit values greater than 1 at inter-
mediate flow qualities due to the presence of a separated flow whose
physics are best captured by the semi-empirical SFM formulations
described in Table 4. A physical argument for this behavior of —

(32)

x=1

(dP/dz),, > 1 when using SFM is the presence of a vapor core thick
enough to gain momentum where the two-phase frictional pressure
gradient caused by this high vapor core velocity now starts to exceed the
hypothetical single-phase vapor frictional gradient at the same flow
quality, i.e,, — (dP/d2),p > — (dP/d2), 45 A similar physical argu-
ment was observed in Fig. 6(a) and discussed in Section 2.4. For phase
velocities predicted using the slip ratio relation by Lockhart and Mar-
tinelli [45], it is only beyond the crossover point (ugspy = Umix,HEM = Ug,
srv) that the vapor core velocity would exceed the two-phase mixture
velocity from HEM (ugspy > Umix,zem) and the slip ratio would exceed
unity (ugsem > ugsem), all of which strongly suggest separated flow
dominant features.

This hypothesis is put to test in Fig. 7 where the dimensionless two-
phase frictional pressure gradients from both the HEM formulation by

17

Dukler et al. [42] and the SFM formulation by Kim and Mudawar [37]
are plotted against void fraction spanning O to 1. This analysis is per-
formed for all commonly used cryogens undergoing saturated adiabatic
two-phase flow at Ref,p = 5000 in a 5-mm diameter tube with inlet
reduced pressure, Pri; = 0.5. On the same plots, both ug spy/Umix, HEM
and slip ratio, S = ugspm/usspm, are also plotted following Egs. (27)-
(29). Since this study adopts Lockhart and Martinelli’s [45] void fraction
relation, all the SFM terms including phase velocities and void fraction
are also based on Lockhart and Martinelli. It can be seen that both HEM
and SFM satisfy Eq. (32) at the limiting condition of @ = 1. At the
limiting condition of @ = 0, HEM satisfies Eq. (31) while SFM asymp-
totically converges to Eq. (31). It can also be seen that HEM follows the
normalized trend of dimensionless two-phase frictional pressure
gradient having values between 0 and 1 for both flow quality and void
fraction ranging from 0 to 1. However, for SFM, although the dimen-
sionless two-phase frictional pressure gradient does lie between 0 and 1,
there comes a point usually in the turbulent-liquid turbulent-vapor re-
gion (tt) or in the laminar-liquid turbulent-vapor region (vt), where it
exceeds unity before eventually converging to unity at « = 1. This
transition of —(dP/dz),, r spy beyond unity is also closely captured by the
slip ratio which also exceeds unity; this is where the vapor core gains
enough momentum to exceed the two-phase mixture velocity from HEM,
i.e., Uug spM > Umix, HEM- These trends are consistent irrespective of cryogen
but specific to the conditions used in Fig. 7, i.e., Rep,p = 5000, D = 5
mm, and Pg ;; = 0.5. Hence, from the presented trends it is reasonable to
infer that where the dimensionless two-phase frictional pressure
gradient exceeds unity, the flow is most certainly separated. On the
other hand, where the dimensionless two-phase frictional pressure
gradient is less that unity, the flow is most likely dispersed. Similarly,
from the same trends it is also reasonable to infer that, where slip ratio
exceeds unity and ugspy > Unmix, zEm, the flow is more likely separated.
These criteria for demarcating dispersed flow dominant data from
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Table 9
Parameter ranges of acceptable total pressure drop (APr) data in the PU-BTPFL Cryogenic Pressure Drop Database.
Reference Acceptable Tube dimensions Inlet and Operating Conditions APr Measurements Remarks
APy -
data points D ); Ly/D Pi"j G gx10 Xe,in AP];SX AP
10 . 10 10 Py,
100
[m] [Nm?  [kgm?s [Wm?] [Nm?] [%]
]
Saturated Adiabatic Liquid-Vapor Flow
Liquid Helium
Khalil [84] 96 213 366.3 0.107 41 0 0.011 0.55 0.46 Brass tube
2.73 469.5 0.207 165.58 0 0.99 6.32 5.66 Orientation ": VU
State “: adiabatic two-phase
Flow % vt, tt
Huang [83] 110 4.57 126.4 0.066 31.96 0 0 0.02 0.02 Brass tube
5.33 2119 0.122 73.53 0 0.97 0.21 0.26 Orientation ": H
State “: adiabatic two-phase
Flow % tv, tt
Liquid Neon
Mohr & Runge [82] 2 4 22 0.15 116 0 0.08 0.057 0.04 SF-Copper tube
4 22 0.15 120 0 0.25 0.13 0.09 Orientation : H
State “: adiabatic two-phase
Flow % tt
Saturated Flow Boiling
Liquid Helium
Khalil [84] 117 213 366.3 0.112 41 0.016 —0.574 0.80 0.66 Brass tube
2.73 469.5 0.204 168.1 2.41 0.001 3.91 3.5 Orientation ”: VU
State “: Pre-CHF saturated boiling
Flow & vt, tt, tv
Liquid Hydrogen
Hendricks et al. [70] 17 7.95 38.2 0.188 575.65 374.24 -0.12 38.61 20.5 Inconel tube
7.95 38.2 0.498 1626.44 1650.59 0.026 179.26 44.1 Orientation ": VU
State “: Post-CHF inverted annular
film boiling
Flow *: tt
Hendricks et al. [81] 8 4.77 37.5 0.562 531.94 294.16 —0.378 19.99 2.38 Inconel, Inconel X, SS304 tubes
12.88 101.1 1.113 2735.4 1732.3 —-0.09 159.96 19.51 Orientation ”: VU
State “: Post-CHF inverted annular
film boiling
Flow % tt
Liquid Neon
Mohr & Runge [82] 79 4 22 0.15 75.2 0.001 0.08 0.074 0.05 SE-Copper tube
4 75 0.15 140 47.62 0.71 1.966 1.31 Orientation : H
State “: Pre-CHF saturated boiling
Flow % vt, tt
Liquid Nitrogen
Laverty & Rohsenow 41 8.10 149.8 0.115 94.53 11.8 0 2.55 217 SS304 Tube
[85] 8.10 149.8 0.143 299.73 82.97 0 19.72 13.79 Orientation ": VU
State “: Post-CHF dispersed flow film
boiling
Flow % vt, tt
Forslund & Rohsenow 4 5.79 207.8 0.17 95.33 16.65 —0.053 4.25 2.5 SS304 Tube
[86] 11.73 421 0.174 259.98 30.32 —0.025 15.7 9.14 Orientation ": VU
State “: Post-CHF dispersed flow film
boiling
Flow % vt, tt

@ For adiabatic liquid-vapor flows, the heated length (Ly) is the same as the length of the tube across which the pressure drop is measured.

b yU: vertical upflow; H: horizontal flow.
¢ State of the fluid in the saturated two-phase flow section of the tube.

4 vt: laminar liquid (Res < 2000) — turbulent vapor (Reg > 2000); tv: turbulent liquid (Ref > 2000) — laminar vapor (Reg < 2000); tt: turbulent liquid (Res > 2000) -

turbulent vapor (Reg > 2000).

separated flow dominant data are put to test in Figs. 8 and 9. In Fig. 8,
the dimensionless two-phase frictional pressure drop, APy, , defined as

APy — APy r
AP oo — APy por

AP} . =

0.F (33)
is plotted against exit void fraction to identify separated flow dominant
data in the PU-BTPFL Cryogenic Pressure Drop Database. It can be seen
that for aggy > 0.85 the LNe data by Mohr and Runge [82] and LH; data
by Hendricks et al [70,81] show AP, > 1, thereby alluding to sepa-
rated flow dominant features. These inferences are also confirmed in
Fig. 9. Although this criterion (AP, >1) is useful in demarcating
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dispersed flow dominant data at low exit void fractions and separated
flow dominant data at high exit void fractions, it is not sufficient to
demarcate flow regimes for high exit void fraction data with AP}, <1
which could be associated with either post-CHF dispersed/mist flow
regimes or pre-CHF intermittent flow regimes. In Fig. 9, where ug
SFM/Umix,qEm is plotted against the slip ratio, S = ugsp/Ugspm, both
evaluated at the exit, the demarcation is more evident for dispersed flow
dominant data as having ug spy/Umixaem < 1 and S < 1. Whereas for
separated flow dominant data, the converse is true with ug spy/Umix, HEM
> 1 and S > 1. Consistent with the inference from Fig. 8, both the LNe
and LH; data show separated flow physics with S > 1. However, the LH;
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Fig. 10. Predicted versus measured single-phase total pressure drop for cryo-
genic data in the PU-BTPFL Cryogenic Pressure Drop Database, with subcooled
liquid, saturated liquid, saturated vapor,and superheated vapor
inlet conditions.

data by Hendricks et al. [70,81] show that ug spm/Umix,gEm < 1. This is
because they are associated with post-CHF inverted annular flow regime
where the vapor film is not thick enough and the liquid core is not thin
enough to allow the vapor velocity to gain enough momentum to exceed
that of the two-phase HEM mixture. Additionally, it is seen that LN, data
by Laverty and Rohsenow [85] and Forslund and Rohsenow [86], both
associated with post-CHF dispersed/mist flow regimes, show S > 1 and
Ug spM/Umixgem > 1. This is true because of high vapor momentum
associated with dispersed/mist flow post-Dryout type CHF for Laverty
and Rohsenow [85] and because of inverted annular flow regime pre-
vailing post-DNB (Departure from Nucleate Boiling) type CHF for For-
slund and Rohsenow [86] before transitioning to dispersed/mist flow.

Finally, a very unique experimental feature exists for the LNe data by
Mohr and Runge [82]. With use of pre-heaters and throttle valve up-
stream of their test section, their data have been shown by Ganesan et al.
[34] as having an exorbitantly high total saturation length ratio, which
is defined as

AZgat ot o Z-r«:min{& m.hl} T Lae=0 _ min{xc,ouls 1} (ﬁ) -

34
LH LH 4Bo D ( )

where, 2,,—o corresponds to the location from inlet where local x, be-
comes zero, and Ly is the heated length of the tube. It has been hy-
pothesized by Ganesan et al. [34] that Az ro/Lyr < 1.1 for nominal inlet
conditions. However, the LNe data show values consistently greater than
1.3 with some even exceeding 1000. This behavior is unique to the
manner in which the experiments were conducted by Mohr and Runge
[82] that enabled attaining high flow quality separated flows as indi-
cated in Figs. 8 and 9. Table 6 shows a summary of the physics-based
classifiers developed in this study to demarcate dispersed flow domi-
nant data from separated flow dominant data and applied to the final
PU-BTPFL Cryogenic Pressure Drop Database.

4.2. Physics-Based Data Exclusion Criteria

The limiting conditions for the dimensionless two-phase frictional

pressure drop, AP, p, are estimated from the limiting conditions for the
dimensionless two-phase frictional pressure gradient, — (dP/dz)y,.

From Fig. 7, it is evident that the lower limit of —(dP/ dz);,F is 0 whereas

the upper limit does exceed 1 for separated flows. However, on plotting
the dimensionless two-phase frictional pressure gradient for all the SFM
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Fig. 11. Laminar/turbulent flow distribution map of consolidated (a) saturated
adiabatic liquid-vapor two-phase flow data and (b) saturated flow boiling data
from the PU-BTPFL Cryogenic Pressure Drop Database based on superficial
liquid and vapor Reynolds number at the outlet.

based semi-empirical formulations tabulated in Table 4, it is observed
that the maximum value of —(dP/dz);, , never exceeds 2 for SEM cor-
relations by Kim and Mudawar [37], Friedel [46] and Miiller-Steinhagen
and Heck [47]. Although the value of —(dP/dz)y, » for SFM correlation by
Lockhart and Martinelli [45] does exceed 2 at higher reduced pressures,

a conservative upper limit condition for —(dP/dz),, » and thus AP;, ; is

set to 2. Mathematically, the limiting conditions for the dimensionless
two-phase frictional pressure drop proposed in this study are:
min{AP;, ;} = 0 and max{APy, ;} =2, where AP, ; is defined in Eq. (33).
Table 7 provides details of data points that were excluded for violating
these limits.

In the current study, the region of non-equilibrium before the satu-
rated boiling length, 2, _o — 2x—0, is merged with the single-phase liquid
region. Similarly, the region of non-equilibrium after the saturated
boiling length, z,—1 — 2y,—1, is merged with the single-phase vapor re-
gion. Hence, any data having strong non-equilibrium (x # x.) are
excluded from the database. Table 7 provides details of data points that
were excluded for exhibiting non-equilibrium condition at the outlet of
the heated tube where the thermodynamic equilibrium quality exceeded
unity (X our > 1), but the flow was reported to be two-phase throughout
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Fig. 12. Comparison of 474 experimental APy datapoints, including both saturated adiabatic liquid-vaporflow and saturated flow boiling, with HEM predictions
wherein the frictional pressure drop component is calculated using two-phase mixture viscosity models by (a) Cicchitti et al. [40], (b) Akers et al. [39], (c) Owens
[41], (d) McAdams et al. [38], (e)Dukler et al. [42], (f) Lin et al. [43], and (g) Beattie and Whalley [44]. The void fraction defined in Eq. (22) is used to predict the
gravitational and accelerational components of pressure drop; the latter being zero for adiabatic flow.

the tube (0 < Xoue < 1).

4.3. PU-BTPFL Cryogenic Pressure Drop Database

The final PU-BTPFL Cryogenic Pressure Drop Database, which in-
cludes all data deemed acceptable for development of saturated two-
phase pressure gradient correlations, is arrived at after applying all
the exclusion criteria outlined in the Sections 4.1 and 4.2. A relatively
limited total pressure drop database for tubes with pure single-phase
liquid and single-phase vapor flows (pure single-phase subcooled
liquid, saturated liquid, saturated vapor, superheated vapor) along the
entire tube are tabulated in Table 8. It comprises 51 useable single-phase
total pressure drop data points. Complete details of the two-phase total
pressure drop database are provided in Table 9 (208 total pressure drop
data for saturated adiabatic liquid-vapor two-phase flow and 266 total
pressure drop data for saturated flow boiling). Overall, it is comprised of
474 useable APy data points conforming to both the Homogeneous
Equilibrium Model formulation as described in Egs. (4) and (5a) to (5¢)
and the Separated Flow Model formulation as described in Table 4, and
therefore acceptable for correlation development.

Overall, the database encompasses four different fluids: liquid heli-
um, LHe, liquid hydrogen, LHy, liquid neon, LNe, and liquid nitrogen,
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LNy. In Table 9, upper and lower numbers for each parameter represent
minimum and maximum values, respectively, for acceptable APr data
corresponding to a particular reference. With a total of 474 data points,
it is the largest database ever consolidated from the literature for
cryogens containing both adiabatic liquid-vapor and saturated boiling
(pre-CHF and post-CHF) two-phase flow pressure drop data.

5. Development of Universal Two-Phase Pressure Gradient
Correlations

Before developing the two-phase frictional pressure gradient corre-
lations, it is imperative to test the accuracy of the single-phase friction
factor, f, for accurate estimation of APy, fexp. Fig. 10 shows the total
pressure drop for pure single-phase flow data listed in Table 8 with APr
= APg,. The single-phase total pressure drop is predicted using Eq. (13)
with a Mean Absolute Error (MAE) of 9.8 % and a Root Mean Squared
(RMS) error of 16.7 %. The MAE and RMS are defined, respectively, as

1
MAE:NZ

and

|APT,/7red - APT,exp{

100%
APr.,  F

(35)
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Fig. 13. Comparison of 474 experimental APy datapoints, including both saturated adiabatic liquid-vapor flow and saturated flow boiling, with SEM predictions
based on semi-empirical formulations of (a) Lockhart and Martinelli [45], (b) Friedel [46], and (c) Muller-Steinhagen and Heck [47] and (d) Kim and Mudawar [37].
The void fraction defined in Eq. (24) is used to predict the gravitational and accelerational components of pressure drop; the latter being zero for adiabatic flow.

1
RMS = \/ N (36)

Fig. 11 shows the flow distributions corresponding to two-phase data
in the PU-BTPFL Cryogenic Pressure Drop Database which are tested
against seminal HEM and SFM formulations.

Fig. 12 shows how HEM formulations provide good predictions for
all cryogens except LNe, for the entire PU-BTPFL Cryogenic Pressure
Drop Database consisting of 474 datapoints. This is because the LNe data
from Mohr and Runge [82], by virtue of having high saturation length
ratio, also exhibits strong separated flow features as shown earlier in
Figs. 8 and 9. Hence, the most important classifier that separates LNe
data from the rest is the total saturation length ratio, and HEM is
applicable only for Az /Ly < 1.2. It is important to note that, while
Cicchitti et al. [40] shows the lowest MAE of all HEM two-phase viscosity
models, excluding the LNe data, best accuracy is achieved with the
viscosity model of Dukler et al. [42]. Additionally, the hypothesis made
in Section 1.2 on the unique behavior of LHe obeying the Homogenous
Equilibrium Model even for separated flow dominant data is proven
right from Figs. 9 and 12.

Fig. 13 shows a comparizon with predictions from semi-empirical
SFM formulations, for the entire PU-BTPFL Cryogenic Pressure Drop
Database. While this figure, might point to the Friedel’s correlation [46],
by virtue of its lowest MAE of 29.9 %, as providing best overall accuracy

AP7 prea — AP\’
Z T pred T.exp % 100%
APT.exp
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among SFM correlations, it masks the influence of the most significant
classifier that separates LNe data from the rest, namely total saturation
length ratio, with SFM applicable only for Az ror/Ly > 1.2. With focus
on the LNe data alone, the SFM correlation method by Kim and Muda-
war [37] provides the most accurate predictions among the SFM for-
mulations. Here as well, the hypothesis made in Section 1.2 on the
unique behavior of LNe obeying the Separated Flow Model owing to a
stable separated, annular flow regime is proven right from Figs. 9 and
13.

Hence, using only the total saturation length ratio, Az /Ly, as
demarcator, a hybrid HEM-SFM method is proposed wherein HEM
correlation method is used in conjunction with the two-phase mixture
viscosity relation by Dukler et al. [42] for Az /Ly < 1.2 (393 data
points), shown separately in Fig. 14(a), while the SFM correlation
method by Kim and Mudawar [37] is used for Azy/Ly > 1.2 (81 data
points), shown separately in Fig. 14(b). The reason for using only the
total saturation length ratio as demarcator is the excellent performance
of HEM correlations for Azsq /Ly < 1.2. Also, the reason to choosing
Kim and Mudawar’s SFM correlation [37] is its excellent predictive
capability for Az /Ly > 1.2, which encompasses only LNe data. As
shown in Fig. 14(c), with an MAE of 14.7 % irrespective of cryogenic
fluid or flow orientation, the hybrid HEM-SFM method provides very
good agreement with the data.

The use of the total saturation length ratio, Az tor/Ln, to demarcate
dispersed flow dominant data from separated flow dominant data for
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Fig. 14. Comparison of predictions of total pressure drop using (a) HEM correlation method for AZL—:“‘ < 1.2, (b) SFM correlation method for MT:M >1.2, and (¢)
hybrid HEM-SFM method against both adiabatic liquid-vapor flow and saturated flow boiling data from the PU-BTPFL Cryogenic Pressure Drop Database.

saturated flow boiling pressure drop prediction is further justified by the
heat transfer coefficient trends observed by Ganesan et al [34] for
saturated flow boiling. It was observed that under nominal inlet condi-
tions with saturation length ratio < 1.1, the heat transfer mechanism
within the saturated boiling region was nucleate boiling dominant.
However, for high quality two-phase mixture inlet conditions with
saturation length ratio > 1.1, evidence of strong convective boiling heat
transfer mechanism was observed. Since the flow regime within a heated
tube is strongly interlinked with the heat transfer mechanism, the
resulting inference of observing dispersed flow dominant flow regime
during nucleate boiling dominant heat transfer for lower saturation length
ratio and separated flow dominant flow regime during convective boiling
dominant heat transfer is consistent with the coupled thermo-fluidic
boiling physics.

As indicated earlier, two additional goals of this study are to (i)
identify gaps in the available data which warrant further experimental
investigation, and (ii) recommend a methodology for acquiring future
APy data in a manner that is conducive to refining two-phase frictional
pressure gradient correlations and/or mechanistic models. Fig. 11 points
to major gaps in the laminar-liquid and laminar-vapor flow ranges (wv),
with cryogenic data essentially absent from it. Also, despite having an
abundance of LHe data, there is significant dearth of total pressure drop
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data for other cryogens. It is also recommended that for fluids such as
LOX and LCH4, there needs to be proper tests conducted to get total
pressure drop data. Future work can also benefit from better under-
standing of pressure drop in the non-equilibrium region upstream of
location of z,,_o, which has been shown to depart from single-phase
pressure drop calculations in a study involving HFE 7100 [87].

It is also important to note that the work described in this study
concerns adiabatic flow and flow boiling of cryogens in mostly macro-
tubes important to space applications. From a fundamental standpoint
regarding other applications of cryogens, future work is recommended
to address pressure drop in capillary flows (e.g., [88]), micro-channel
flows (e.g., [87,89]), and more complex two-phase flows (e.g., [90]),
as well as effects of instabilities on pressure drop in flow boiling (e.g.,
[91D).

6. Conclusions and Recommendations

The present study is motivated by the absence of a reliable, error-free
saturated flow boiling pressure drop database for developing and vali-
dating two-phase frictional pressure gradient correlations as well as
future analytic and computational models. An exhaustive literature
search identified 474 useful saturated two-phase total pressure drop
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data points for four different fluids, viz., LHe, LHy, LNe, and LN,, and
acceptable data were consolidated into a single PU-BTPFL Cryogenic
Pressure Drop Database. An exhaustive parametric study of the database
was performed to gain insight into the fluid physics unique to cryogens,
and to aid future investigators into important operating conditions
where there is a dearth of data. Finally, using the database, frictional
pressure gradient correlations were constructed for two distinct inlet
conditions of nominal inlet conditions and high-quality inlet conditions
based on the total saturation length ratio, which required careful
physics-based demarcation of the data. A new hybrid HEM-SFM corre-
lation method for predicting frictional pressure gradient is recom-
mended, which shows good agreement with the data in terms of both
predictive accuracy and trend.
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For saturated flow inside a tube with a mass velocity of G through a flow area of A, mass conservation gives,

puA = GA = const.

(A1.1)

Under HEM assumptions, Eq. (Al.1) is simplified to Eq. (A1.2) leading to the definition of two-phase mixture velocity, Umix gem, in Eq. (A1.3).

Pipltmixem = G

G G (ﬂx 1- x)
Umix HEM = — = =G(—+—
Py amempy + (1 — aueu)py s Pr

(Al1.2)

(A1.3)

Under SFM assumptions, where the liquid and vapor flow through their respective flow areas of Afand A; with phase velocities of usspy and ugspy

respectively, Eq. (A1.1) is simplified to Eq. (A1.4).

PoligsinAg + prity seuAy = GA

(A1.4)

Applying the definition of void fraction, a, based on flow areas, a = A;/A and using the relation Ag + Af= A, Eq. (A1.4) simplifies to Eq. (A1.5) fora

separated flow.

Peltgsru@ + ppupspu(1 —a) = G

(A1.5)

Finally, introducing the slip ratio, S = ug spm/Usseum, Eq. (A1.5) is simplified to Eq. (A1.6) leading to the definition of vapor-phase velocity, ug sy, in

Eq. (A1.7) within the respective vapor flow area, Ay, of a separated flow.

U, <r
PoUg sEMQ +Pf% (I-a)=G
; G

e SFM = a1

’ ap, +%pf

(A1.6)

(A1.7)

Similarly, Eq. (A1.5) is simplified to Eq. (A1.8) leading to the definition of liquid-phase velocity, ugsmy, in Eq. (A1.9) within the respective liquid flow

area, Ay, of a separated flow.

pgsuf,SFMa +pfuf,SFM(1 — (1) =G

(A1.8)
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