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Despite the many experiments conducted throughout the globe during the past sixty years for a variety
of cryogens to determine film boiling heat transfer coefficient (HTC) in a uniformly heated round tube,
experimental data are either rarely published or published only for a few cryogens, with majority of the
data remaining in archives of original authors, or in obscure technical reports of an organization or other
inaccessible sources. In the present study, a very comprehensive data mining effort is undertaken to de-
velop a consolidated database for Post Critical Heat Flux (CHF) flow boiling HTC for cryogens from world
literature dating back to 1959. With 1730 local Dispersed Flow Film Boiling (DFFB) and 1310 local In-
verted Annular Film boiling (IAFB) HTC data points for LHe, LH,, LN,, and LCHy4, it represents the largest
cryogen post-CHF HTC database assembled to date. Using this database, new universal cryogen correla-
tions for DFFB and IAFB HTCs are constructed and verified in terms of both predictive accuracy and trend.
Similar efforts are carried out to collect a relatively small Minimum Heat Flux (MHF) and local Re-wet
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1. Introduction
1.1. Applications of Cryogenic Fluids

Cryogenic fluids are used in a broad range of industries. For
example, in the food industry, Liquid Nitrogen (LN,) is used to
fast freeze food, whereas in the healthcare industry, it is used to
preserve tissues and blood, and to destroy unhealthy tissues in
cryosurgery. Liquid Oxygen (LOX) is also used in the healthcare
industry especially in life support systems. Additionally, several
cryogens, especially LOX, Liquid Hydrogen (LH,), Liquid Methane
(LCHg), and Liquid Helium (LHe), have been used over the years in
two primary applications: electronic cooling and space missions,
the latter being the primary focus of the present study. In the field
of electronic cooling, after an initial period of academic research
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 was a golden age for LHe flow boiling research in the
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Soviet Union in connection with development of forced convective
cooling of superconducting systems [5-12]. Similar surge in LH,
flow boiling research was observed in the decade post 2008
primarily in Japan, after a long gap with preliminary work done in
the United States of America [13-15], with the objective of cool-
ing large scale high temperature superconductor (HTS) magnets
[16-25]. While LH, and LN, have been used over the years to
cool high-temperature superconducting (HTS) magnets [16,26,27],
LHe, having the lowest critical temperature of any known fluid, is
also used to chill down Earth-orbiting telescopes and satellites as
well as cool space experiments, where the ambient temperature in
space is ~ 2.7 K. And, following some initial work around 1960,
LCHy, received renewed interest in 2010 at NASA’s Glenn 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/LCH4; were being tested
for spacecraft applications. In nuclear thermal propulsion systems,
LH, is used as a propellant, while LOX/LCH,4 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. Figure 1 shows ex-
amples of the space applications of cryogens.
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Nomenclature

A area

Bo boiling number, q/Ghg,

Bo* modified boiling number, );"’:::}:1

BO} g modified boiling number, % defined in
Figure 19

Cp specific heat at constant pressure

D tube’s inner diameter

Freo liquid-only Froude number, gi

pyeD

Frgp vapor Froude number, pg(uf/ng

G mass velocity

g gravitational acceleration

h local enthalpy, defined in Eq. (A1.1); heat transfer
coefficient

ha local enthalpy defined wusing actual (non-
equilibrium) quality, defined in Eq. (A1.4)

hpg heat transfer coefficient using the Dittus-Boelter
formulation

he local enthalpy defined using thermodynamic
equilibrium quality, defined in Eq. (A1.3)

h¢, actual (non-equilibrium) enthalpy of liquid based
on actual liquid temperature, T,

h¢e saturated liquid enthalpy

hgg latent heat of vaporization

hga actual (non-equilibrium) enthalpy of vapor based
on actual vapor temperature, Tg,

hge saturated vapor enthalpy

hpa actual (non-equilibrium) two-phase heat transfer
coefficient, q/(Tw - Tga)

heppBga modified Dittus-Boelter correlation based on ac-
tual quality, x5, and actual vapor temperature,
Tg,a, defined in Eq. (6)

hpe equilibrium two-phase heat transfer coefficient,
q/(Tw - Tge)

hiperewet  equilibrium two-phase heat transfer coefficient at
MHE, q/(Twrewet = Tge)

k thermal conductivity

kw thermal conductivity of tube wall

Ly heated length of tube

MAE mean absolute error of any arbitrary term ¢,
%Z |¢pn§§me‘imeas| x 100%

P system pressure

APpmax/P  maximum pressure drop ratio along the heated
length of tube used by authors [91]

Pt critical pressure

Py reduced pressure, P[P

Prgq actual vapor Prandtl number, p(gq Cpgalkga

Prge vapor Prandtl number, pge Cpgelkge if 0 < Xe <1
else g Cpglks

q heat flux based on tube’s inside area

q volumetric heat generation in tube wall

dcHF critical heat flux

qDNB critical heat flux for DNB type CHF mechanism

qMHF minimum heat flux

(Jmax maximum heat flux post-CHF before decreasing it
to eventually reach MHF

RMS root mean squared error of any arbitrary term ¢,

Iy (%)2 x 100%
Regq actual vapor Reynolds number, GDXa/tga

Tsat
Tw
Tw,DB,g,a

Tw,DB,g,e

TW, rewet

ATCT.DB

AT

rewet

*
ATsat,DB

ATwa
ATwe

vapor Reynolds number, GDxe[tge if 0 < Xxe < 1

else GD/ug

slip ratio

local temperature

average temperature

critical temperature

actual (non-equilibrium) liquid temperature de-

fined as f(P, h¢,)

actual (non-equilibrium) vapor temperature de-

fined as f{P, hga)

equilibrium vapor temperature, equal to equi-

librium liquid temperature, equal to equilibrium

bulk fluid temperature defined as f{P, he)

Lambda point temperature (2.17 K) for Liquid He-

lium transitioning from LHe I to LHe II

saturation temperature

tube wall temperature

tube wall temperature based on the Dittus-

Boelter HTC formulation using Rega, Prg, with all

thermophysical properties evaluated at Tga, Tgq +
q

0.023Re08Pr04 (10

tube wall temperature based on the Dittus-

Boelter HTC formulation using Rege, Prge with all

thermophysical properties evaluated at Tge, Tge +
q

0.023Re08Pr04 (18

re-wet wall temperature at qyyr

normalized wall temperature w.r.t T, defined in
Table 1

normalized re-wet wall temperature at MHF, de-
fined in Figure 19

normalized wall temperature w.r.t Tsy;, defined in
Eq. (8)

temperature difference between Ty and Tg,
temperature difference between Ty and Tge

ATwerewet temperature difference between Ty rewet and Tge

tw
u
Wefo,D

Xa
Xe

Xe,in

Xe,CHF

Xe,MHF
z

ZCHF

ZMHF

tube wall thickness

mean velocity

Weber number based on tube diameter,
G2D|(p5o)

actual (non-equilibrium) quality

thermodynamic equilibrium quality

inlet thermodynamic equilibrium quality based
on pressure at inlet of heated length, (hy, -
hin)lhtgin

thermodynamic equilibrium quality at zcyg
thermodynamic equilibrium quality at zyyr

axial coordinate

axial location of CHF (DNB type or Dryout type)
along the heated tube

axial location of MHF along the heated tube

Greek Symbols

QD gE Do R

Subscripts

d

void fraction

tube surface roughness

percentage of data points predicted within +30%
dynamic viscosity

percentage of data points predicted within £50%
dimensionless group

density

surface tension

based on actual (non-equilibrium) quality, x,
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CHF Critical Heat Flux

crit critical point

DB based on Dittus-Boelter formulation
DFFB Dispersed Flow Film Boiling

DNB Departure from Nucleate Boiling

e based on thermodynamic equilibrium quality, X,
exp experimental (measured)

f liquid

FB Film Boiling

g vapor

in inlet

max maximum

no-slip assumes slip ratio, S, of unity

MHF Minimum Heat Flux
NVG Net Vapor Generation
ONB Onset of Nucleate Boiling

RT Re-Wet Temperature
pred predicted

sat saturated conditions
tp two-phase

w tube wall

Although almost all cryogens exist in unique states, LHe and
LH; do not. LH; usually exists in two molecular spin states, ortho-
hydrogen and parahydrogen, which exhibit significantly different
thermal properties such as specific heat and thermal conductivity.
Since the operating 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 applications of interest to the present study
is greater than 2.17 K, all the LHe data examined correspond to LHe
I. From here on, both liquid parahydrogen and liquid helium I will
be referred to as LH, and LHe, respectively.

1.2. Experimental Issues Unique to Post-CHF Region for 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 us-
ing REFPROP 10 [32]). Owing to these low temperatures, cryogens
are highly susceptible to liquid-to-vapor phase change - boiling
- in most space applications of interest. While different boiling
schemes (e.g., micro-channel [33] and jet impingement [34]) and
fluid enhancement methods [35,36] are known to alter heat trans-
fer performance, boiling configuration in most space applications
is one of simple flow boiling in tubes. Four unique issues asso-
ciated with cryogenic flow boiling which otherwise are often ne-
glected when working with fluids at room temperature and ter-
restrial gravity are test section material selection, wall tempera-
ture and/or bulk vapor temperatures exceeding critical tempera-
ture, and reduced gravity effects [37].

1.2.1. Test section material

In most flow boiling experiments, the test section wall is sub-
jected to external heating so that the fluid inside the test section
is subjected to uniform heat flux both circumferentially and axially.
However, owing to high heat flux conditions required to establish
stable film boiling (Post-DNB), for test sections employing resistive
heating, heat flux along the heated test section tends to be non-
uniform [38,39]. This is primarily due to dependence of resistivity
of the heating element on temperature. Figure 3 shows a compar-
ison of wall thermal conductivities (calculated using EES 10 [40])
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for commonly used test section materials, evaluated at critical tem-
perature for cryogens. From the plot, it is evident that copper and
silver must be avoided as test section materials for cryogenic ex-
periments.

1.2.2. Wall and/or bulk vapor temperature exceeding critical
temperature

Due to low critical temperatures of cryogens as opposed to
common fluids, both the wall and the equilibrium bulk vapor tem-
perature often exceed the critical temperature, as will be shown
and discussed in later sections. Figure 4 shows variations of the
relative difference in thermophysical properties of vapor, evaluated
at the critical temperature, from that at saturation temperature,
with reduced pressure. Figures 4(a) and 4(b) show excessively high
differences in vapor densities and vapor viscosities, respectively,
for both LHe and LH,, whereas other cryogens show trends closer
to those of common fluids. Figures 4(c) and 4(d) show variations
of vapor specific heat and thermal conductivity, respectively: no
anomalous behavior is observed here for cryogens.

1.2.3. Post-CHF flow boiling regimes

Post-CHF flow film boiling can take one of two forms based on
the dominant CHF mechanism. For DNB-Type CHF, Inverted Annu-
lar Flow Film Boiling (IAFB) is observed first, which is comprised
of a liquid core surrounded by a vapor film covering the test
section’s inner wall. This flow regime continues to manifest un-
til the flow enters a transition region wherein the evaporating lig-
uid core breaks down due to capillary interfacial waves or iner-
tially due to fluctuating flow rate. This transition region, often re-
ferred to as “inverted slug” [41], is comprised of relatively large
liquid slugs which continue to exist until they eventually break
down into small liquid droplets dispersed both across and along
the test section in a vapor continuum, described as Dispersed Flow
Film Boiling (DFFB). For Dryout-Type CHF, however, only DFFB is en-
countered and persists until the dispersed liquid droplets are com-
pletely evaporated. Figure 5 shows schematics comparing the two
distinct film boiling mechanisms based on CHF type.

1.3. Inverted Annular Film Boiling (IAFB)

In the IAFB regime, the liquid phase is present in the core of the
heated test section forming a subcooled liquid core (‘jet’), which is
surrounded by an annular layer of saturated or superheated va-
por. The test section is subjected to external heating which warms
both the vapor layer and liquid core. Gradual evaporation of the
liquid core both decreases the core diameter and increases veloc-
ity of the vapor layer, which typically becomes turbulent. The large
velocity difference between the vapor and liquid culminates in in-
terfacial waves which eventually grow unstable. Large amplitude
of the unstable interface begins to break the liquid core, first to
liquid slugs and farther downstream, because of continued evapo-
ration, into small liquid droplets that are dispersed in saturated or
superheated vapor.

Two distinct correlations have been proposed for prediction of
heat transfer coefficient in the IAFB regime: modified McAdams-
type [42] and Bromley-type [43]. The McAdams [42] correlation is
expressed as

hipa = clReg?uPrg?a%H(xa), (1)
which is based on Reynolds and Prandtl numbers of vapor corre-
sponding to actual vapor conditions in the inverted annular film,
and a dimensionless function IT of actual vapor quality, x; (to be
discussed in a subsequent section), with empirical constants ¢y, ¢y,
and c3 fitted using experimental IAFB data. Whereas, the Bromley-
type [43] correlation, which is valid for Frgp > 2, is expressed as
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(LH,/LN,, 20.3/77.3 K) Nuclear Thermal
Advanced Development Propulsion Systems
(PCAD) Project (LH,, 20.3 K)
(LOX/LCH,4, 90.2/111.7 K)
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.
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where the dimensionless group IT is a function of vapor Froude
number, Frgp, and empirical constant ¢; = 2.7 is fitted using ex-
perimental IAFB data.

In the current study, a correlation for the cryogenic saturated
and superheated IAFB will be developed using the McAdams-type
correlation [42], which is easier to work with.

1.4. Dispersed Flow Film Boiling (DFFB)

As seen in Fig. 5, the DFFB regime can occur in both DNB-type
and Dryout-type CHF situations. In this regime liquid droplets are

dispersed in a vapor continuum along a heated test section. Given
their small thermal mass, the liquid droplets maintain saturation
temperature while the vapor is being gradually superheated. This
can lead to appreciable thermodynamic non-equilibrium across the
flow area. Some of the prior correlations for heat transfer coeffi-
cient in the DFFB regime (e.g., Dougall [44], Groeneveld [45]) re-
lied on the assumption of equilibrium flow, rendering them invalid
for regions with strong non-equilibrium. But subsequent mechanis-
tic models, such as those by Laverty and Rohsenow [46], Forslund
and Rohsenow [47], Hynek [48], and Varone and Rohsenow [49],
did take into account non-equilibrium effects as well as drag on
liquid droplets. Unfortunately, use of these models is complicated
by reliance on a system of equations containing a high degree of
empiricism. More recently, Shah [50] proposed a correlation for
two-phase heat transfer coefficient in the DFFB regime which both
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Fig. 3. Variation of thermal conductivity for commonly used wall materials with
wall temperature corresponding to critical temperatures for cryogens.

takes non-equilibrium effects into account and is simple to use. In
the present study, the functional form proposed by Shah [50] is
adopted as basis for development of a new correlation for satu-
rated and superheated cryogenic DFFB.

1.5. Fluid Physics Unique to Non-Equilibrium in DFFB

A key aspect of the afore-mentioned non-equilibrium effects in
DFFB is that the heat supplied to the test section goes far more
to heating the vapor than evaporating the liquid. As the small
dispersed droplets undergo gradual evaporation, the liquid can
be approximated as maintaining saturation temperature, whereas
the vapor temperature maintains “actual vapor temperature,” Tga,
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that exceeds the “equilibrium bulk temperature,” Tge,; the latter
being calculated using a simple thermodynamic energy balance.
Figure 6(a) - 6(c) shows variations of wall temperature, vapor tem-
perature, heat transfer coefficient, and vapor quality along with
schematics of flow regime development for DFFB in a uniformly
heated tube with subcooled, saturated liquid, and two-phase mix-
ture inlet conditions, respectively.

In DFFB, the liquid can be assumed to maintain saturated state,
thus allowing evaluation of actual vapor enthalpy, hga, as (see
Appendix 1 for details)

hga = hge + (u)h e (3)
Xa

where xe and x, are the thermodynamic equilibrium quality and
actual non-equilibrium quality, respectively. The actual quality is
defined as ratio of vapor to total mass flow rate,

_ Pg.allgaAga _ 1
" PgalgaBga + prUA; or 1 (1-a\]’
AR P

where uga, Ug,, Aga, and Ag, are flow parameters representing
mean vapor velocity, liquid velocity, vapor flow area, and liquid
flow area, respectively, and S is slip ratio defined as uga/u¢,. Based
on the approximation of well dispersed flow for post-CHF DFFB, a
slip ratio of unity is assumed, which simplifies Eq. (4) to yield the
following relation for local void fraction,

Xa,Of
(1 = Xa) Pga + Xaps

Forslund and Rohsenow [39] reported experimentally deter-
mined, albeit sparse, actual quality values for LN,, which was
measured using the helium tracer gas technique. The parameter
ranges for their saturated/superheated DFFB database are provided
in Table 1. Figure 7(a) shows that majority of these datapoints
have actual vapor temperature exceeding the critical temperature.

Xa

(4)

(5)

Qno—slip =

B
S o
Q8
| &
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§| S o025f .
&~ 1F = =~
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B 02f —— ]
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0.15 o 3 nPFH
fDiﬂerence >10% HFE-7000
- h : . . . . 03 ; " ; : . . ) R245fa
(@) 0.1 02 03 04 05 06 07 08 09 (b) 0.1 02 03 04 05 06 07 08 09 Ri52a
Reduced Pressure, Py Reduced Pressure, Py R134a
R1234yf
R32
R404a
co,
LCH,
5 ———LOX
ht LAr
&) +10% Band Lco
2 .
o 3 LN,
Il s LNe
3 & LH,
:3 LHe
S +10% Band
0
0.1 06
0.2 : : : : ' ' : 08 . . . : y : ’
0.1 02 03 04 05 06 07 08 09 0.1 0z 03 04 05 06 07 08 08
(c) (d)

Reduced Pressure, Py

Reduced Pressure, Py

Fig. 4. Variations of relative difference in (a) vapor density, (b) vapor viscosity, (c) vapor specific heat, and (d) vapor thermal conductivity, evaluated at critical temperature
from that at saturation temperature, with reduced pressure for cryogens compared to those of other fluid classes.
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Fig. 5. Schematics comparing flow pattern development and film boiling regimes along a uniformly heated tube in vertical upflow with subcooled inlet for (a) Dryout-type

CHF and (b) DNB-type CHF.
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Fig. 6. Schematics of flow regime development and axial variations of vapor temperature, wall temperature, two-phase heat transfer coefficient, and vapor quality along

uniformly heated tube undergoing DFFB (highlighted region) in vertical upflow for
mixture inlet.

Figure 7(b) also confirms that, even if equilibrium vapor temper-
ature is smaller than critical temperature, the actual vapor tem-
perature can be greater than the critical temperature due to non-
equilibrium effects.

1.6. Objectives of Present Study

The present study is motivated by the lack of a large, reli-
able, error-free cryogen post-CHF heat transfer coefficient (HTC)
database that can be used for developing correlations and mech-
anistic models to predict HTC in saturated and superheated flow

Dryout-type CHF with (a) subcooled inlet (b) saturated liquid inlet, and (c) two-phase

film boiling. Another motivation is the lack of a simple, accurate,
‘universal’ film boiling HTC correlation for cryogenic flow in a uni-
formly heated tube.

Following are key objectives of the present study:

(1) Amass cryogenic flow film boiling HTC databases available from
world literature for uniformly heated tubes.

(2) Carefully assess the accumulated data on a point-by-point basis
to exclude any inaccurate data or data missing vital informa-
tion, such as operating conditions, and apply systematic criteria
for data exclusions.
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Only local HTC data with clearly prescribed inlet conditions, i.e,
htp = f(q, Pip, D, G, Xe i, 2) are considered in this study. Unless HTC
data are explicitly specified in a given reference, the data is gener-
ated from plots of wall temperature distribution along the heated
test section for a given heat flux. Additionally, any datapoint miss-
ing either heat flux or flow quality information is rejected.

The data mining effort was complicated by difficulty acquiring
certain references because of such factors as (a) lack of availabil-
ity from international interlibrary services, (b) reluctance of a few
investigators to share their own database, and (c) lack of English
translated versions of foreign literature with data. Avoidance of du-
plicate data was a thorough and time-consuming effort, necessi-
tated by the fact that many published works lacked clear indica-
tion of sources for the data presented. Overall, data duplication in
the HTC database was avoided by careful point-by-point inspection
of the acquired data.

After completing the initial data mining effort and making cer-
tain of absence of duplicate data, efforts shifted to excluding data
that did not strictly conform to the following uniformity require-
ments:

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

(2) Only flow boiling in tubes; data for boiling in capillary tubes,
thermosyphons, and natural circulation two-phase flows are ex-
cluded.

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

(4) Flow in only stationary tubes; data for rotating tubes are ex-
cluded.

(5) Flow not involving use of swirl flow promotor (e.g., twisted tape
or wire coil insert) 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, or outlet expansion).

(7) Flow in tubes whose inner walls are not modified (e.g., finned)
for the purpose of enhancing heat transfer performance.

(8) Flow in tubes whose inner walls are not altered for the purpose
of enhancing nucleation.

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

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

(11) Only fully wetted tube data; horizontal flow boiling data for
stratified and stratified-wavy flow regimes are excluded.

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

This exclusion strategy, summarized in Table 2 , resulted in
an initial database suitable for developing correlations (also future
models) for post-CHF saturated and superheated flow boiling cryo-
genic HTC data.

3. Post-CHF HTC Correlation

As seen from Figs. 5 and 6, dispersed flow film boiling is
identifiable in the high x. range including the superheated non-
equilibrium region between x. = 1 and x, =1. In pursuit of new
correlations for film boiling, this study will focus first on develop-
ing a new heat transfer coefficient correlation for cryogenic DFFB
using high x. data values and transition thereafter to correlations
for low x. data.
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Fig. 8. Comparison of predicted actual quality, x,, using the new correlation for
post-CHF saturated and superheated DFFB for LN, vertical upflow and DFFB data
obtained by Forslund and Rohsenow [39].

3.1. Universal Actual Quality Correlation

Using the experimentally determined actual quality data by
Forslund and Rohsenow [39], Table 1, a correlation for actual qual-
ity is developed for both saturated and superheated post-CHF LN,
DFFB data as detailed in Table 3 and shown graphically in Fig. 8.
The functional form adopted in developing this correlation is based
on Shah [50]. Although the correlation is developed for LN, vertical
upflow DFFB data, it will be later shown the empirical constants in
this correlation do not vary for other cryogenic fluids and flow ori-
entations undergoing DFFB.

3.2. Universal HTC Correlation Methodology

Owing to strong non-equilibrium effects associated with DFFB,
it is imperative to understand the importance of reference tem-
perature in the definition of experimental heat transfer coefficient.
Figure 9 compares this difference by defining the experimental
two-phase HTC using both equilibrium vapor temperature, Tge,
Fig. 9(a), and actual vapor temperature, Tga, Fig. 9(b), and plot-
ting results against HTC predicted for LN, DFFB data by Forslund
and Rohsenow [39] using the modified form of Dittus and Boelter
[90] correlation based on actual quality, xa,

heppBga = 0.023Re§;§Prg;‘k%’“, (6)
where experimentally obtained x, information is available in
Table 1. Clearly, when using correlations based on actual quality
(to capture the non-equilibrium effects), better agreement between
predicted and experimental values is achieved by using actual va-
por temperature, Tga, as opposed to equilibrium vapor tempera-
ture, Tge, as reference temperature. For saturated DFFB and super-
heated DFFB, Tge = Tsat and Tge = f{Bhe), respectively.

Before developing individual universal HTC correlations, it is
important to first distinguish data for each of the two post-CHF
regimes of DFFB versus IAFB. Figure 10 uses the saturated and su-
perheated LN, DFFB data by Forslund and Rohsenow [39] to test
trends against two classifiers: (i) modified boiling number, Bo*, and
(ii) normalized wall temperature, AT*g,pg, Where

Xe—Xein  4Bo z

Bo* = = =,
1- Xe.in 1- Xe.in D

(7)
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Table 2
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Data exclusion strategy for single component post-CHF HTC data for sub-critical cryogenic flow boiling in uniformly heated straight circular tubes.

Reference

Deviation from
standard flow
configuration ?

Missing data

Miscellaneous
factors

Remarks

(a) Complete Exclusion

Monroe et al. [51]

Dean and Thompson [52]
von Glahn and Lewis [38]

Walters [53]

Jones and Altman [54]
Burke and Rawdon [55]

Forslund and Rohsenow [39]
Jergel & Stevenson [56]

Bergles et al. [57]

Bergles et al. [58]

lloeje et al. [59]
Jones and Johnson [60]

Grigoriev et al. [62]

Mohr and Runge [63]
Kurilenko and Dymenko [64]
Petukhov et al. [65]

Klimenko et al. [66]

Roman and Karr [67]
Bredy et al. [68]

Panek et al. [69]
Umekawa & Ozawa [70]
Benkheria et al. [71]

Qi et al. [72]

Yun et al. [73]

Zhang and Fu [74]
Shirai et al. [18]
Tatsumoto et al. [19]
Fu et al. [75]

Shirai et al. [21]
Deng et al. [76]
Mustafi [77]

Trejo et al. [29]

Yoneda et al. [78]
Fang et al. [79]
Liu et al. [80]

An et al. [81]

Zhang et al. [82]

(b) Partial Exclusion ®
Core et al. [13]

Wright and Walters [14]

Hendricks et al. [83]

Inlet quality information missing; exact test section length not
specified

Annular circular test section with heater in the core

Non-uniform heat flux in test section due to strong wall temperature
dependence on electrical resistance heating; only overall range for
pressure provided for certain data points and inlet quality
information missing

Duplicate data from Wright & Walters [14]; only overall range for
mass velocity provided

Circular test section with U-bend

Thermal capacitor rings used as heat source; heat flux information
missing for certain data points; only overall range for inlet quality
provided; certain tests performed with twisted tapes

Non-uniform heat flux in test section due to strong wall temperature
dependence on electrical resistance heating

Free convection laminar flow in rectangular channel test section with
only a small fraction of test section heated

Certain tests performed using twisted tape inserts to generate swirl
flow; duplicate data from Hynek et al. [48]; inlet quality information
missing for certain data points

Certain tests performed using twisted tape inserts to generate swirl
flow; duplicate data from Hynek et al. [48]; inlet quality information
missing for certain data points

Tests performed under non-uniform heat flux conditions

Duplicate data in Giarratano et al. [61]; only overall range for inlet
quality provided for certain data points

Film boiling data indistinguishable from transition boiling (“critical
flow regime”) data

Inlet quality information missing

Experimental data provided only in the form of dimensionless groups
Only overall range for mass velocity provided for certain data points;
inlet quality information missing

Mass velocity and heat flux information missing for certain data
points; horizontal flow boiling in stratified flow regime ¢

No information provided about operating conditions

Horizontal flow boiling in stratified flow regime ¢

Only transition boiling data post CHF provided

Natural circulation driven two-phase flow in closed loop
Thermosyphon two-phase flow

Inlet quality information missing

Horizontal flow boiling in stratified and stratified-wavy flow regime
d: certain tests performed on circular test section with wire coil
inserts

Heat flux and local wall temperature information missing

Data points difficult to extract due to strong overlap

Only transition boiling data post CHF provided

Boiling from altered surface for enhanced nucleation

Duplicate data in Shirai et al. [16]

Two-phase flow in heated U-tubes

Dry-out occurring in helically shaped pre-heater

Square and rectangular channel test sections; additional data using
roughened and finned square channel test sections

Rectangular channel test section with one-sided heating

Only overall range of inlet subcooling provided

Local HTC information provided in the form hyn /havg,

Film boiling data indistinguishable from transition boiling
(“partial-dryout”) data; pressure and Inlet quality information missing
Film boiling data indistinguishable from transition boiling
(“partial-dryout”) data; only overall range for pressure provided for
certain data points and inlet quality information missing for certain
data points

Abnormally high scatter reported for LH, HTC data owing to
experimental uncertainties; transition boiling data post CHF provided
Only average pressure, mass velocity and quality provided for certain
data points; only outer wall temperature provided ©

Certain data points presented in tables illegible due to poor quality
copy of original document available to public; pressure information
missing for certain data points

(continued on next page)



V. Ganesan, R. Patel, J. Hartwig et al. International Journal of Heat and Mass Transfer 195 (2022) 123054

Table 2 (continued)

Reference Deviation from Missing data Miscellaneous Remarks
standard flow factors

configuration ?

Lewis et al. [15] . . Film boiling data indistinguishable from transition boiling data for
certain data points; inlet quality information missing for certain data
points; only outer wall temperature provided for both LH, and LN,
data f

Hendricks et al. [84] . Certain data points presented in tables illegible due to poor quality
copy of original document available to public

Glickstein and Whitesides® . Only overall ranges for pressure and mass velocity provided for

[85] certain data points

Papell [86] Certain data points provided for increased gravity loading of 2-g and
3-g

Hynek et al. [48] ° Certain tests performed using twisted tape inserts to generate swirl
flow; heat flux and inlet quality information missing for certain data
points; certain data points provided for decreasing heat flux

Hildebrandt [1] . Only overall range for mass velocity provided for certain data points;
certain data points provided for decreasing heat flux

Giarratano et al. [2] . . Film boiling data indistinguishable from transition boiling data for
certain data points; heat flux and inlet quality information missing
for certain data points

Ogata and Sato [4] . . Certain data points provided for decreasing heat flux; thermocouple
position information missing for certain data points

Romanov et al. [7] ° Heat flux and inlet quality information missing for certain data
points

Petukhov et al. [5] . Certain tests performed on rotating test section; film boiling data
indistinguishable from transition boiling data for certain data points

Peroulias et al. [87] . Inlet quality information missing for certain data points

Giarratano et al. [61] . . Film boiling data indistinguishable from transition boiling data for
certain data points; only overall range of mass velocity and inlet
quality provided for certain data points

Tatsumoto et al. [27] . Certain data points provided for no-flow condition

Noord [28] . Certain data points provided for transient boiling

Xu et al. [88] ° Inlet quality information missing for certain data points

Matsumoto et al. [24] . Certain data points provided for decreasing heat flux

Shirai et al. [89] . Certain data points provided for decreasing heat flux

2 Standard flow configuration is uniformly heated straight circular tube with heat applied externally to single-component fluid.

b Select data points are excluded while remaining data are used in the present study.

¢ Pressure and mass velocity information for certain data points provided in Shah [50] and Hynek et al. [48].

4 Asymmetrical wetting of test section (top-dry and bottom-wet) leads to exorbitantly high wall superheat and drastically low HTC values at the top as compared to the
bottom wetted portion.

¢ Inner wall temperature found using one-dimensional radial heat conduction equation with constant outer heat flux boundary condition, q: Ty i, = Tw.our — % ln(%)

f Inner wall temperature found using one-dimensional radial heat conduction equation with volumetric heat generation, G: Tyin = Tw.our + Z[TZ (D + tw) —
G(D+2ty)* D426,
Lot ) o, In( el ),

Table 3
Correlation for actual quality, x,, actual vapor enthalpy, hg,, and actual vapor temperature, Tg,, for post-CHF saturated and superheated DFFB for
LN,, using experimentally obtained actual quality information by Forslund and Rohsenow [39].

Correlation Equation Constants
75 Data Points Actual quality, x,:
MAE (%) = 6.4 Xa = (C1 + CoXe + C3%2 + C4X2) Frfff)
RMS (%) = 8.7 if X, > Xe
6 (%) = 100 Xy = Xe
& (%) =100 ifx, > 1
Fluid: X, =1 ¢; = —0.0179
LN, Intersection between c; = 1.0092
Flow Direction: Xa = Xe and c; = —-0.3130
Vertical Upflow Xa = (€1 + CoXe + C3X2 + a,xj)Fr”z cs = 0.0325
Constraints: is evaluated by solving them simultaneously cs = 0.0640
Xe >0 to obtain intersection values X, and Xe .
Tga < Tw if Xa < Xajnt
Tgq > Tge Xa = Xe
Actual vapor enthalpy, hg,, and actual vapor
temperature, Tga:
hg,a = hg.e + (Xz);xn )hfg
Tg,a = f(P:hg,a)
D x 103 Px 10 Py G Freo Tge Xe Tea Xa
[m] [N m~2] [kgm=2s-1] K] [K]
5.8 0.17 0.05 92.65 0.13 82.00 0.25 82.25 0.21
11.7 0.18 0.05 259.98 1.91 438.37 2.95 450.01 1.00

10
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Fig. 9. Comparison of DFFB HTC predicted by modified Dittus-Boelter correlation,
Eq. (6), and experimental actual quality, x,, with experimentally determined two-
phase HTC using as reference temperature (a) equilibrium vapor temperature, Tge,
and (b) actual vapor temperature, Tga, for LN, vertical upflow DFFB data obtained
by Forslund and Rohsenow [39].
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Fig. 11. Trends displayed by (a) superheated and (b) saturated DFFB data from the
PU-BTPFL post-CHF Database against proposed classifiers of modified boiling num-
ber, Bo*, and normalized wall temperature, AT, .

and based on the Dittus-Boelter [90] formulation using equilibrium
quality,

TW - Tsat
AT — __w© fsat g
sat,DB TW,DB,g,e — Tsat 5 ( )
where
TW,DB,g,e =Tge+ =Tge+ q 9)

hpppge 0.0ZBReQ;EPrQ;Q‘(%“)

and subscript DB refers to Dittus-Boelter formulation. It is clearly
seen that there are two distinct trends between the saturated re-
gion (Bo* < 1) and superheated region (Bo* > 1). In the saturated
region, AT pp increases with increasing Bo*, whereas, in the su-
perheated region, AT*g, pp decreases with increasing Bo*. How-
ever, DFFB data in both regions correspond to AT pp= 1.

3.3. Demarcation of DFFB and IAFB data for Multiple Cryogens

The rationale from Fig. 10 is now tested for all DFFB data in
the PU-BTPFL post-CHF HTC Database, which included multiple
cryogens rather than LN, alone. Fig. 11 clearly confirms the su-
perheated and saturated data display the same trend as that for
LN, in Fig. 10. Additionally, all the DFFB data obey the criterion
ATg pp = 1.

We now shift attention to the remaining IAFB data in the PU-

BTPFL post-CHF HTC database. Figure 12 shows how almost all of
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Table 4
Parameter ranges of acceptable local superheated (xe > 1) dispersed flow film boiling (DFFB) data in the PU-BTPFL post-CHF HTC Database.
Acceptable
Reference HTC data Tube dimensions  Operating and Inlet Conditions Local Conditions? HTC Measurements” Remarks
G htp.e htp,a
D x 103 Px 106 [kg m—2 qx 1073 Tge Tga ATy, [Wm=2 ATy, [W m—2
[m] Ly/D [N m~2] s 1] Wm?2]  Xein Xe (K] Xa (K] [K] K=11  [K] K1)
Liquid Hydrogen
(a) Vertical Upflow
Lewis et al. [15] 121 141 29.05 0.21 3.87 26.18 -0.13 1 25.57 0.65 40.98 1746 112.23 153.2 120.46 SS 304 Tube, t,, = 0.89 mm
CHF type(s) ¢ DNB
DFFB Regime(s) ¢: post-IAFB
141 29.05 0.54 18.31 77.6 —0.01 2.86 92.05 0.86 116.16  350.83 313.59 326.72 332.36
LH, HTC data points 121
Liquid Nitrogen
(a) Vertical Upflow
Hynek et al. [48] 13 10.16 240 0.14 42.04 224 -0.13 1 80.15 0.56 19599 212.76 5143 132.19 76.89 Inconel 600 Tube, t, = 1.27
mm
CHF type(s) ¢ Dryout
DFFB Regime(s) 9: post-Dryout
10.16 240 0.14 131.55 38.17 —0.02 233 326.94 0.81 432.17 43551 17941 2913  268.95
Laverty and Rohsenow 48 8.1 149.84 0.12 94.39 33.44 0 1 78.94 0.63 159.16  247.56 110.05 176.71 171.3 SS 304 Tube, t,, = 0.71 mm
[46] CHF type(s) ¢ Dryout
DFFB Regime(s) 9: post-Dryout
8.1 149.84 0.14 210.08 83.6 0 1.71 210.82 0.85 27275 41049 32891 303.69 453.44
Forslund and 213 5.79 148.61 0.17 92.65 16.71 —0.06 1 82.95 0.63 146.7 94.93 74.87 56.64 128.92 SS 304 Tube, ty = 0.51 - 1.07
Rohsenow *:¢ [39] mm
CHF type(s) ¢ DNB
DFFB Regime(s) ¢: post-IAFB
11.73  421.05 0.18 263.6 76.71 0 3.06 459.26 1 515.12 449.61 556.75 352.75 659.85
LN, HTC data points 274
Liquid Methane
(a) Vertical Upflow
Glickstein and 5 8.76 95.65 1.03 207.5 359.53 —-0.12 1.03 154.56 0.79 202.38 544.82 5474 530.08 590.39 Inconel 600 Tube, ty = 0.38
Whitesides [85] mm
CHF type(s) ¢ DNB
DFFB Regime(s) 9: post-IAFB
8.76 95.65 1.03 207.5 359.53 -0.12 1.43 223.56 0.95 23829 656.8 659.92 608.98 678.26
LCH4 HTC data points 5
Total 400

* 6 data points (from Run 290 [39]) rejected due to anomalous wall temperature behavior (T,, ~ constant) with axial location, z, for post-CHF DFFB flow regime.
2 Actual quality, x,, evaluated using new universal superheated DFFB HTC correlation in Table 6
Tga = f(Phga), where hg, is evaluated using Eq. (3).

b hipe is HTC defined using equilibrium vapor temperature, Tge, as reference temperature, hep e =
hypa is HTC defined using actual vapor temperature, Tg,, as reference temperature, hypq =

¢ CHF type identified using solution strategy adopted in Table 5.

e

Tw—Tga

Tw—Tge

Dispersed Flow Film Boiling (DFFB) regime, dependent on CHF type, is identified from original references.
All data in this reference are associated with non-uniform heat flux conditions due to strong axial conduction, leading to strong axial variations in wall temperature and therefore electrical resistance.
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Table 5
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Solution strategy to determine CHF location, type (DNB or Dryout) and corresponding equilibrium quality at CHF, X cur, for subsequent analysis of post-CHF saturated and

superheated flow film boiling data.

For known controlled variables (P, D, G, q) and inlet equilibrium quality (X, ,), location of CHF, zcyr, and quality at CHF, X cyr, are evaluated using universal CHF

correlations for cryogens by Ganesan et al. [91]
1

e —

P63
(mWe‘,iu(ﬁ) (1=xein)*4
o R i LA T

4Bo

i=3
) Xe.CHF = Xe,in + 4Bo“$£ where constants ¢; to cs are estimated using the following rationale:

Assuming q corresponds to DNB type CHEF, i.e., acyr < 0.6 [91], use constants ¢; to c¢s from table below for specific flow orientation to determine zcyr and Xe cpr.

Flow Direction Cq Cy C3 Cq Cs
Vertical Flows 0.19 -0.22 -0.29 1.11 0.57
(Upflow and Downflow)

Horizontal Flow 0.32 -0.24 —0.60 0.48 0.69

If Xecnr < 0

q is confirmed to correspond to DNB-type CHF and zcyr and X cyr are estimated correctly. Additionally, check for maximum pressure drop ratio, APmax/P, [91]

until zcyr of less than 0.2 to make use of the constant pressure assumption.
If Xe.chr > 0

4
Evaluate oy using Zivi's relation [92]: acyr = [1 + (%)(%)2/3] .
if anr < 0.6 [91]

q is confirmed to correspond to DNB-type CHF and zcyr and X.cyr are estimated correctly. Additionally check for maximum pressure drop ratio, APmax/P, [91]

until zcyr of less than 0.2 to make use of the constant pressure assumption.

Otherwise, q corresponds to Dryout-type CHF, i.e., acyr > 0.6 [91]. Hence, use constants c; to ¢s from table below for specific flow orientations to re-determine

Zcur and Xe cur-

Flow Direction C Cy c3 C4 Cs
Vertical Flows 0.85 -0.22 -0.22 1.83 0.22
(Upflow and Downflow)

Horizontal Flow 1.1 -0.25 -0.28 -0.60 0.29

-1
Re-evaluate acyr using Zivi’s relation [92]: acyr = [1 + (1:#)(%)2/3] .

if acyr > 0.6, q is confirmed to be Dryout-type CHF and zcyr and X cyr are estimated correctly. Additionally check for maximum pressure drop ratio, APmax/P,
[91] until zcyr is less than 0.2 to make use of the constant pressure assumption. Otherwise stop and reject data.

4 T T T T
N A LHe Vertical Upflow
3 X V LHe Vertical Downflow
3 A LH, Vertical Upflow
- ¥ LH, Vertical Downflow
g [ A LN, Vertical Upflow
1 B~ 3 V LN, Vertical Downflow
[: | B LN, Horizontal Flow
I , A LCH, Vertical Upflow
2| @ 25
~ g_ von Glahn & Lewis [38]
an
| I“ of Lewis et al. [15]
= — A
2 15 pu
] A
*
: 1 W‘ Tw=Tupsge
Saturated and Superheated
IAFB Data
0 0.5 1 1.5 2 25 3
Bo*= Xe—Xein
1-Xejin

Fig. 12. Trends of local superheated and saturated IAFB data from PU-BTPFL post-
CHF HTC Database using classifiers of modified boiling number, Bo*, and normalized
wall temperature, ATz, .

the IAFB data are in the saturated region (Bo* < 1) with a par-
ticular set of LH, data by von Glahn and Lewis [38] and Lewis
et al. [15] incurring superheated IAFB (Bo* > 1). Additionally, it
can be observed that for all cryogens undergoing saturated IAFB,
AT* < 1. Hence, this enables distinction of DFFB data from IAFB

sat,DB
data.

3.4. New DFFB Correlations for Multiple Cryogens

Starting with the PU-BTPFL post-CHF HTC database, super-
heated DFFB data are identified and presented in Table 4. This
data subset is used to construct a new universal correlation for su-
perheated DFFB HTC. This requires first determining the CHF type

13

(DNB or Dryout), taking advantage of the cryogenic CHF correla-
tions proposed recently by the authors [91] as detailed in Table 5.
Table 6(a) provides details of the new universal cryogen corre-
lation for superheated (xe > 1) DFFB HTC based on actual quality,
Xa, actual vapor enthalpy, hga, and actual vapor temperature, Tga.

htp‘a = O-ShDB,g.ay (10&)

where hpgg, is given by Eq. (6), Rega = GDxa/uga,
Prga = [gaCpgalkga, and all thermophysical properties of va-
por evaluated at Tg,. It is important to note that the empirical
constants associated with estimation of actual quality, x,, in
Table 6(a) are exactly the same as those from Table 3, which was
developed using experimentally obtained x, values for LN, DFFB
by Forslund and Rohsenow [39].

Table 6(b) provided details of alternative new universal cryogen
correlation for superheated (xe > 1) DFFB HTC based on equilib-
rium quality, Xe, and equilibrium vapor temperature, Tge.

hepe = 0.5hpg g (Bo*)*, (10b)

where all thermophysical properties of vapor evaluated at Tge.
Figure 13 shows comparisons of data with predictions of the two
new correlations. Good agreement is achieved in both cases.

Similarly, using now the saturated DFFB data from Table 7 ,
new universal correlations are developed for saturated (0 < xe <
1) DFFB HTC. The first, Table 8(a), is based on actual quality, x,,
actual vapor enthalpy, hga, and actual vapor temperature, Tga, and
is given by

h[p’a = O.SGhDB.g,a, (113)

where all thermophysical properties of vapor evaluated at Tg,. The
second, Table 8(b), is based on based on equilibrium quality, xe,
and equilibrium vapor temperature, Tge, and is given by

hepe = 0.52hpg g0 (Bo*) 7032, (11b)

where all thermophysical properties of vapor evaluated at Tge.
Figure 14 shows excellent predictive accuracy of both correlations.
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Table 6

International Journal of Heat and Mass Transfer 195 (2022) 123054

New universal cryogen correlations for superheated (x. > 1) DFFB HTC (a) based on actual quality, x,, actual vapor enthalpy, hg,, and actual vapor temperature, Tg,., and
(b) based on equilibrium quality, xe, and equilibrium vapor temperature, Tg.. Both correlations are based on cryogen data from PU-BTPFL post-CHF HTC Database.

Table 6(a)
Correlation Equation Constants
400 Data Points DFFB Heat Transfer Coefficient, hypa: c; = —-0.0179
MAE (%) = 11.6 hepe = 15 = Cohbga ¢, = 1.0092
RMS (%) = 14.6 where c; = —0.3130
0 (%) = 96 hpp.g.a = 0.023ReQ8Pr94 ks s = 0.0325
§1(%d) .:L}_[OO LN,, LCH Rego — S and Pry, = S50 oo g.gggg
F]un S]'). 2 -Z'V 4 1 Unfl with all thermophysical properties of vapor evaluated at Tg, € =0
C:I;I\s,tr;'rr?tcsuon. ertical Upflow Actual quality, x,:
ints: 2 3y FrSs
Xa = (C1 + C2Xe + C3X5 + CaX;) Fr
Superheated Region (xe > 1) ifax (>1x 2Xe + CaX; + CaXe) Fri
Non-equilibrium Constraints: X ° X ¢
a — e
Toa < Tw ifx, > 1
Tga > Tge X =1
ZK;EB Reglm%fg?stralr;ts o Intersection between
sat.DB = Toppge—Toar Xa = Xe and xq = (C1 + CoXe + C3X2 + a;x?)Fr}SU
is evaluated by solving them simultaneously to obtain intersection values X,
and X .
if X2 < Xajnt
Xa = Xe
Actual vapor enthalpy, hg,, and actual vapor temperature, Tg,:
hga = hge + (X");X“ )hfg
Tg,ﬂ = f(hg,a-P)
D x 103 Px 1076 G gx 1073 Fre, Xe Xa Tga ATwa hepa
(m] (N m~] [kg m~? (W m~2] (K] [K] (W m~2
s 1] K- 1]
5.79 0.12 3.87 16.71 0.03 1.00 0.57 40.54 58.69 76.17
14.1 1.03 263.60 359.53 3.90 3.06 1.00 482 611.01 673.29
Table 6(b)
Correlation Equation Constants
400 Data Points DFFB Heat Transfer Coefficient, hype: c; = 0.4944
MAE (%) = 12.8 hepe = 12— = cihop g (B0 )@ ¢, = 0.4483
RMS (%) = 17.9 where ’
6 (%) =93 hpp.ge = 0.023ReQ8Pr04 ks
£ (%) =97 Rege = S and Prg, = Mzgiese
luids: LHy, LN,, LCH. ; i ical properti
F 2, LNz, L with all thermophysical properties of vapor are evaluated at Tge
Flow Direction: Vertical Upflow Modified Boiling Number, Bo*:
Constraints: Bo* = XeXen _ A4Boj
Superheated Region (xe > 1) o R e e
P . g e Equilibrium vapor enthalpy, hge, and equilibrium vapor
DFF*B Reglmtiwgg?stramts : temperature, Ty
AT ps = Tt > 1 hge=hy +4% 2
Tg.e = f{hg,EvP)
Dx 103 Px10°6 G qx 1073 Bo* Xe Xa Tye ATye hepe
(m] [N m—?] [kg m—2 (W m—?] (K] (K] (W m~2
s~ 1] K- 1]
5.79 0.12 3.87 16.71 1 1.00 0.56 25.57 94.93 51.43
14.1 1.03 263.60 359.53 3 3.06 1.00 459.26 656.8 659.92

? Twpsge is given by Eq. (9).

It is important to note that the constants associated with es-
timation of actual quality in Table 8(a) are exactly the same as
those from Table 3. Hence, it is systematically proven that the ac-
tual quality correlation developed for DFFB in Table 3 is consistent
with the DFFB heat transfer coefficient predictions for both satu-
rated and superheated regions.

It is also important to note that both the equilibrium quality-
based correlations for superheated DFFB, Table 6(b), and saturated
DFFB, Table 8(b), are continuous at xe = 1, since Bo* is equal to 1
for xe = 1.

Hence, by proving consistency in the estimation of actual qual-
ity for DFFB, the following universal correlation is constructed for
both saturated and superheated DFFB HTC data, Table 9,

h¢p,a = 0.86hpp g 4, (12)

14

with Fig. 15 demonstrating again excellent predictive accuracy.

3.5. New IAFB Correlation for Multiple Cryogens

Finally, using the saturated and superheated IAFB data, Table 10,
the following universal correlation is constructed for IAFB HTC
data, Table 11,

hepe = 0.75hpg g o (Bo*) 4,

Fig. 16 shows good predictive accuracy for this correlation.

(13)

4. Correlations for MHF and Rewet Temperature

For cryogenic flow boiling with uniformly heated tubes, Mini-
mum Heat Flux (MHF) and Rewet Temperature (RT) data in litera-
ture are scarce. Table 12 shows a list of references that have been
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Table 7
Parameter ranges of acceptable local saturated (0 < x. < 1) dispersed flow film boiling (DFFB) data in the PU-BTPFL post-CHF HTC Database.
Acceptable
Reference HTC data  Tube dimensions Operating and Inlet Conditions Local Conditions ? HTC Measurements ° Remarks
Dx10° Ly/D Px 106 G qx 1073 Xe,in Xe Tge Xa Tga ATye hipe ATwa htpa
[kg m—2 [W m—2 [W m—2
[m] [N m~2] s 1] (W m~2] (K] [K] (K] K-T] (K] K1
Liquid Helium
(a) Vertical Upflow
Romanov et al. [7] 17 0.47 212.77 0.1 90 0.56 0.22 0.64 4.24 0.64 4.2 0.41 822 0.45 792.59 CHF type < Dryout
DFFB Regime ¢: post-Dryout
0.47 212.77 0.1 90 1.49 0.41 0.83 424 0.83 4.2 147 1.51
1460.28 1355.69
Ogata and Sato © [4] 22 1.09 77.98 0.11 78.77 0.63 —0.06 0.23 433 0.23 43 065 651.73 063  666.62 SS Tube, t, = 0.25 mm
CHF type ¢ Dryout
DFFB Regime 9: post-Dryout
1.09 77.98 0.19 92.16 1.42 0.88 1 4.95 0.93 5 2.15 2.1
1046.75 1026.44
(b) Vertical Downflow
Giarratano et al. [2] 5 2.13 46.95 0.12 73 1.65 -0.27 0.12 4.42 0.12 4.4 3.07 287.57 3.07 286.82  SS Tube, ty = 0.16 mm
CHF type “* DNB
DFFB Regime ¢: post-IAFB
213 46.95 0.21 153 3.08 —0.04 0.29 5.1 0.29 5.1 8.9 537.62 8.93 536.9
Giarratano et al. [61] 12 213 46.95 0.11 130 1.72 -0.07 0.09 433 0.09 43 147 21436 151 214.02  SS Tube, t, = 0.16 mm
CHF type < DNB
DFFB Regime 9: post-IAFB
213 46.95 0.2 630 6.02 0 0.23 5.04 0.23 5 17.03 17.05
1168.04 1136.26
LHe HTC data points 56
Liquid Hydrogen
(a) Vertical Upflow
Lewis et al. [15] 270 141 29.05 0.21 4.03 26.18 —0.18 0.17 23.05 0.15 30.6 101.21 1204 85.36  124.77  SS 304 Tube, t, = 0.89 mm
CHF type < DNB
DFFB Regime ¢: post-IAFB
141 29.05 0.54 22.59 79.18 0 1 27.64 0.68 49.8 358.95 477.96 346.37
14,309.59
Hendricks et al. [83] 64 7.95 38.34 0.19 575.65 374.24 -0.12 0.07 22.66 0.07 22.7 119.25 119.21 Inconel Tube, t, = 0.78 mm
3001.32 3002.21 CHF type ¢ DNB
DFFB Regime ¢: post-IAFB
7.95 38.34 0.5 1626.45 1650.59 0 0.92 27.23 0.92 27.2 353.23 353.24
10,647.23 10,646.14
Core et al. [13] 39 4.25 14.93 0.24 376.84 670.04 -0.39 0.13 23.71 0.13 237 226.04 25079 226.01 SS Tube, ty = 0.25 mm
2508.26 CHF type < DNB
DFFB Regime ¢: post-IAFB
4.25 14.93 1.04 1014.53 9838.16 0.03 0.88 31.66 0.88 31.7 687.53 687.52
14,309.46 14,309.59
Papell [94] 8 12.83 23.76 0.24 194.94 294.16 0 0.27 23.71 0.27 23.7 209.22 209.22 Inconel X Tube, t,y = 0.25 mm
1338.77 1338.74 CHF type < DNB
DFFB Regime ¢: post-IAFB
12.83 23.76 0.24 194.94 522.96 0 0.56 23.71 0.56 23.7 325.97 325.98
1772.54 1772.51
Von Glahn and Lewis © 1 13.97 29.32 0.34 7.89 61.16 —0.03 0.99 25.28 0.62 46 208.15 293.85 187.42 326.34 SS 347 Tube, t, = 0.89 mm
[38] CHF type < DNB
DFFB Regime ¢: post-IAFB
13.97 29.32 0.34 7.89 61.16 —0.03 0.99 25.28 0.62 46 208.15 293.85 187.42 326.34

(continued on next page)
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Table 7 (continued)

Reference Acceptable Tube dimensions Operating and Inlet Conditions Local Conditions 2 HTC Measurements ° Remarks
HTC data
Dx 103> Ly/D Px 106 G qx 103 Xejn Xe Tge Xa Tga ATy, hepe ATwa hep.a
[m] [N m=2] [kg m~? (W m~2] (K] [K] Kl  Wm? [K] [Wm?
s 1] K- 1] K- 1]
(b) Vertical Downflow
Papell [94] 9 12.83  23.76 0.24 194.94 130.74 0 0.14 23.71 0.14 23.7 160.77 813.23 160.77 813.2 Inconel X Tube, t,, = 0.25 mm
CHF type ¢ DNB
DFFB Regime ¢: post-IAFB
12.83  23.76 0.24 194.94 522.96 0 0.56 23.71 0.56 23.7  308.46 308.47
1811.98 1811.94
LH, HTC data points 391
Liquid Nitrogen
(b) Vertical Upflow
Hynek et al. [48] 7 10.16 240 0.14 42.04 224 -0.13 0.4 80.07 0.28 161.8 151.68 52.5 69.95 71.8  Inconel 600 Tube, ty = 1.27 mm
CHF type ¢ Dryout
DFFB Regime ¢: post-Dryout
10.16 240 0.14 131.55 38.17 -0.02 1 80.07 0.67 203.3 426.59 251.65 311.96 545.71
Laverty and Rohsenow 466 8.1 149.84 0.12 94.39 11.74 0 0.19 78.46 0.16 1008 13939 61.56 112.64 8594 SS 304 Tube, ty = 0.71 mm
[46] CHF type ¢ Dryout
DFFB Regime ¢: post-Dryout
8.1 149.84 0.14 299.73 92.11 0 1 80.49 0.72 1843  469.21 385.49 407.93 52147
Forslund and 383 579  148.61 0.17 92.65 15.39 —0.06 0.15 81.96 0.14 101.7 12232 64.83 63.14  85.07 SS 304 Tube, ty = 0.51 - 1.07 mm
Rohsenow ' [39] CHF type(s) ¢* DNB
DFFB Regime(s) 9: post-IAFB
11.73  421.05 0.18 263.6 78.66 0 1 82.84 0.75 191 530.17 313.2 47132 481.15
Lewis et al. [15] 9 14.1 29.05 0.34 33.09 33.28 —0.01 0.46 89.46 0.3 180.6 559.83 51.46 467.49 5837 SS 304 Tube, t, = 0.89 mm
CHF type(s) ¢ DNB, Dryout
DFFB Regime(s) 9: post-IAFB,
post-Dryout
14.1 29.05 0.35 37.97 46.37 —0.01 0.86 89.78 0.5 216.7 901.09 59.45 79447 71.19
(b) Vertical Downflow
Umekawa et al. [93] 12 5 180 0.1 138 9.5 -0.01 0.06 77.35 0.05 1208 23577 3575 147.22 44.62 SS 304 Tube, t, = 0.5 mm
CHF type(s) ¢ Dryout
DFFB Regime(s) 9: post-Dryout
5 180 0.1 138 9.5 -0.01 0.14 77.35 0.12 1659 26574 4029 212.89 64.53
LN, HTC data points 877
Liquid Methane
(a) Vertical Upflow
Glickstein and 6 8.76 95.65 1.03 207.5 359.53 -0.12 044  149.88 041 164.2 664.48 514.21 621.76 524.96 Inconel 600 Tube, t, = 0.38 mm
Whitesides [85] CHF type ¢* DNB
DFFB Regime ¢: post-IAFB
8.76 95.65 1.03 207.5 359.53 -0.12 0.93 149.88  0.75 1926  699.2 541.07 684.88 578.25
LCH4 HTC data points 6
Total 1330
@ Actual quality, x,, evaluated using new universal superheated DFFB HTC correlation in Table 8
Tga = f(Phga), where hg, is evaluated using Eq. (3).
b hpe is HTC defined using equilibrium vapor temperature, Tge, as reference temperature, hepe = ﬁ

hipa is HTC defined using actual vapor temperature, Tg,, as reference temperature, hypq = 2
¢ CHF type identified using solution strategy adopted in Table 5.

d

Tw—Tga

Dispersed Flow Film Boiling (DFFB) regime, dependent on CHF type, is identified from original references.
¢ 1 data point corresponds to DNB type CHF and thus post-IAFB type DFFB regime.

 All data in this reference are associated with non-uniform heat flux conditions due to strong axial conduction, leading to strong axial variations in wall temperature and therefore electrical resistance.
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Table 8

International Journal of Heat and Mass Transfer 195 (2022) 123054

New universal cryogen correlations for saturated (0 < x. < 1) DFFB HTC (a) based on actual quality, x,, actual vapor enthalpy, hg ., and actual vapor temperature, Tg,, and
(b) based on equilibrium quality, xe, and equilibrium vapor temperature, Tg.. Both correlations are based on cryogen data from PU-BTPFL post-CHF HTC Database.

Table 8(a)
Correlation Equation Constants
1330 Data Points DFFB Heat Transfer Coefficient, hypa: c; = —-0.0179
MAE (%) = 16.8 hepa = 1 = Cohbpga ¢, = 1.0092
RMS (%) = 20.7 where c; = —0.3130
0 (%) =86 hpp.ga = 0.023ReQ8Pro4 kae ¢4 = 0.0325
£ (%) =99 Re.. = % and Pr,. — Mzathsa ¢5 = 0.0640
P 8a ga &a kga
Fluids: with all thermophysical properties of vapor are evaluated at Tga s = 0.8565
LHe, LH_Z‘ U\{Z' LCH, Actual quality, X,:
Flow Direction: Xa = (C1 + CoXe + C3X2 + C4X3)Fr<
Vertical Upflow ifx, > X fo
Vertical Downflow X = x
Constraints: . ¢
. if x> 1
Saturated Region (0 < xe < 1) X =1
Non-equilibrium Constraints: Intersection between the curves:
Tga < Tw Xa = Xe, and Xq = (C1 + CoXe + C3XZ + C4X3)FTY
Tga > T“_ . is evaluated by solving them simultaneous{y to get X, i, and
DFFB Regime Constraints ¢: Xeint- ’
AT py = % > 1 (£10%) if Xa < Xogne
Xa = Xe
Actual vapor enthalpy, hga, and actual vapor temperature, Tga:
hga = hg + (7% )y,
Tg.a = f(hg,AvP)
D x 103 Px 106 G qgx 1073 Fre, Xe Xa Tga ATwa hepa
[m] [N m—?] [kg m—2 (W m2] [K] (K] (W m-2
s 1] K- 1]
0.47 0.10 4.03 0.56 0.01 0.06 0.04 4.24 0.41 44.63
14.1 1.04 1626.5 9838.2 8902.9 1.00 0.92 216.74 794.44 14,309
Table 8(b)
Correlation Equation Constants
1330 Data Points DFFB Heat Transfer Coefficient, hype: c; = 0.5236
MAE (%) = 16.1 hipe = 14— = C1hpp.ge (Bo*)® ¢, = —0.3243
RMS (%) = 20.9 where :
0 (%) = 90 hpg ge = 0.023ReQ8Pr04 ke
£ (%) =97 Rege = % and Prg. = %
Fluids: with all thermophysical properties of vapor are evaluated at Tge
LHe, LH,, LN, LCH4 Modified Boiling Number, Bo*:
Flow Direction: Bo* — le:;‘:": - l“f:f"
Vertical Upflow Equilibrium vapor enthalpy, hge, and equilibrium vapor
Vertical Downflow temperature, Tge:
Constraints: ) hge = hin + 4% %
Superheat.ed Region (?ce > 1) Tge = f(hge.P)
DFFB Regime Constraints ¢:
AT pp = ot > 1 (£10%)
D x 10° Px 10-6 G qx 1073 Bo* Xe Xa Tge ATye hepe
[m] [N m~2] [kg m~2 [W m—2] [K] (K] [Wm -2
s~ 1] K- 1]
0.47 0.10 4.03 0.56 0.07 0.06 0.04 4.24 0.41 35.75
141 1.04 1626.5 9838.2 1.00 1.00 0.92 149.88 901.09 14,309

2 Twpege is given by Eq. (9).
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Table 9

International Journal of Heat and Mass Transfer 195 (2022) 123054

New universal cryogen correlation for saturated and superheated DFFB HTC based on actual quality, x,, actual vapor enthalpy, hga, and actual vapor temperature, Tga. This

correlation is based on cryogen data from PU-BTPFL post-CHF HTC Database.

Correlation Equation Constants
1730 Data Points DFFB Heat Transfer Coefficient, hp,: ¢; = —0.0179
MAE (%) = 16.0 htpa = 7% = Cohbpga c; = 1.0092
RMS (%) = 20.0 where c3 = —0.3130
0 (%) = 87 hpp.ya = 0.023Re28Prod ke ¢4 = 0.0325
£ (%) =98 Rega = S2% and Prg — Lascess ¢s = 0.0640
Fluids: o e . ga cs = 0.8608
with all thermophysical properties of vapor evaluated at Tg,
lé—le, lg!z, LNZ' _LCH“ Actual quality, x,:
ow Direction: Xa = (C1 + CoXe + CaxZ + CaX3) Fr
Vertical Upflow if X > x
Vertical Downflow X ix ¢
Constraints: ifax :l
a
Xe >0 X =1
Non-equilibrium Constraints: Intersection between
Tua < Tw Xa = Xe and Xg = (€1 + CoXe + C3X2 + C4X3)FI
Tva 2 T"‘eA N is evaluated by solving them simultaneously to obtain
DFEB Reglm%ggﬂ?stramts L intersection values X,y and Xe jn.
Al = T = 1 (-10%) if Xa < Xajine
Xa = Xe
Actual vapor enthalpy, hg,, and actual vapor temperature,
Tga:
hga = hge + (7 )hgg
Tg‘n = f(hg,a,P)
D x 103 Px 106 G qx 1073 Fre, Xe Xa Tga ATya hep,a
[m] [N m—2] [kg m2s 1] [W m—2] [K] K] [Wm~-2K-1]
0.47 0.10 3.87 0.56 0.01 0.06 0.04 424 0.41 44.63
14.1 1.04 1626.5 9838.2 8902.9 3.06 1.00 482 794.44 14,309
? Twpsge is given by Eq. (9).
10° i
400 Data Points s A . .
MAE = 11.6% SEE excluded for consideration. The final acceptable local MHF and lo-
RM::QL“‘,/;G/“ cal RT databases are provided in Table 13.
< £=100% ,’;6.’\3 The functional form for MHF is chosen to be the same as that of
“-‘E X LH, Vertical Upfiow - CHF which was proposed by the present authors in Ganesan et al.
= Atgi'v\e/nicm LIJSfIchlw [91]. However, this requires knowledge of zyyr, axial location of
A rti . . . . .
= e 2 MHF. Since not all data in the MHF database include information
° 2 . . . .
g on zyyr, a hypothesis is proposed and later verified that approxi-
i mates the position of MHF as the last location of zcyr correspond-
= ing to gmax. This hypothesis is explained in Fig. 17 for uniformly
heated tubes undergoing IAFB as the flow regime transitions from
1 film to nucleate boiling via the re-wetting process. At ¢ = qpng,
DNB type CHF is observed at zcyr = zpng, as shown in Fig. 17(a).
(@) 0 With further heat increments post qpng toward gmax, CHF location
Nip,aexp = # [Wm2K] moves upstream as more and more vapor bubbles coalesce and
C merge into the existing vapor film. At ¢ = qmax, Which corresponds
10° i to the maximum heat flux provided to the test section before heat
400 Data Points o decrement, the inverted annular film extends from zpng onward
MAE = 12.8% . B s s : .
i wit until the ll.qud jet core breaks c}owp and gets dispersed into the
—_ 6=93% vapor continuum. This is shown in Fig. 17(b). From here on, as the
= §=97% heat flux is reduced toward qyp, Zpng €an neither move upstream
£ :t:zng'zz: HP;:gW (due to heat decrement) nor downstream (due to stable film boil-
1 w . .
= AlCH Vemcmﬂ flo ing prevalent downstream of zpng). Hence zpyg is anchored at zcyp
'_'g corresponding to gmax, as shown in Fig. 17(c). At qunr, Since the
& vapor film is the thinnest at zpyg, this is where the film is more
3 likely to become unstable and collapse, leading to rewetting of the
< | surface. Hence, the location of MHF becomes the same as the loca-
tion of DNB at gmax. This is shown in Fig. 17(d). As the heat flux is
y further decreased from gy, since the vapor film is no longer sta-
(b) By ble, zyiyr starts to propagate downstream, as shown in Fig. 17(e).
102 103 Employing this hypothesis, a new universal correlation for MHF is
hip o oxp = ——— [W m2 K] proposed in Table 14,
p,e,exp Tw—Tg,e

Fig. 13. Comparison of cryogen data from PU-BTPFL post-CHF HTC Database with
predictions of new universal correlations for superheated (xe > 1) DFFB HTC (a)
based on actual (non-equilibrium) quality, x,, actual (non-equilibrium) vapor en-
thalpy, hga, and actual (non-equilibrium) vapor temperature, Tg,, and (b) based on
equilibrium quality, x., and equilibrium vapor temperature, Tge.

18

P ~0.54 z a4
qMHF = 0'07thgwef£b34 <,of> (1- Xe’in)o.ss <$) 7
g

(14)
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Table 10
Parameter ranges of acceptable local saturated (0 < x.< 1) and superheated” (x. > 1) inverted annular film boiling (IAFB) data in the PU-BTPFL post-CHF HTC Database.
Acceptable
Reference HTC data Tube dimensions Operating and Inlet Conditions Local Conditions HTC Measurements *° Remarks
D x 103 Ly/D P x 1076 G qx 1073 Xein Xe Tge ATye hipe
[m] [N m?] [kg m? s7] [W m?] (K] (K] (W m? K]
Liquid Helium
(a) Vertical Upflow
Romanov et al. [7] 11 0.47 212.77 0.1 90 0.45 0.22 0.59 4.24 0.18 1463.22 CHF type © : DNB
IAFB Regime ¢: post-DNB
0.47 212.77 0.1 90 1.15 0.41 0.66 4.24 0.7 3391.15
Yarmak and Zhukov 7 0.8 187.5 0.1 78 1.54 0 0.24 4.22 1.98 654.15 SS Tube, ty = 0.1 mm
[97] CHF type © : DNB
IAFB Regime 9: post-DNB
0.8 187.5 0.1 235 5.93 0 0.44 4.22 2.99 2531.96
Ogata and Sato [4] 5 1.09 77.98 0.11 82.52 0.63 0.31 0.46 433 0.45 1147.58 SS Tube, ty = 0.25 mm
CHF type ¢ : DNB
IAFB Regime ¢: post-DNB
1.09 77.98 0.11 92.16 1.42 0.51 0.59 4.33 1.16 1825.27
(b) Vertical Downflow
Giarratano et al. [2] 8 2.13 46.95 0.14 80 1.6 —0.38 0.03 4.55 2 570.38 SS Tube, ty = 0.16 mm
CHF type © : DNB
IAFB Regime 9: post-DNB
213 46.95 0.21 636 53 -0.01 0.12 5.1 3.92 2656.05
Giarratano et al. [61] 43 2.13 46.95 0.11 45 1.63 -0.3 0 433 0.67 406.61 SS Tube, ty = 0.16 mm
CHF type © : DNB
IAFB Regime 9: post-DNB
213 46.95 0.2 630 10.13 0 0.39 5.04 8.26 4207.78
LHe HTC data points 74
Liquid Hydrogen
(a) Vertical Upflow
Lewis et al. [15] 201 141 29.05 0.21 3.87 19.72 -0.18 0.01 23.05 28.65 141.96 SS 304 Tube, t = 0.89 mm
CHF type © : DNB
IAFB Regime ¢: post-DNB
141 29.05 0.54 23 79.18 0 1.54 43.22 433.78 740.38
von Glahn and Lewis " 17 13.97 29.32 0.34 7.89 48.05 -0.03 0.54 25.28 99.08 239.72 SS 347 Tube, t, = 0.89 mm
[38] CHF type © : DNB
IAFB Regime 9: post-DNB
13.97 29.32 0.34 7.89 65.97 -0.03 1.71 49.67 272.81 484.99
Papell [94] 25 12.83 23.76 0.24 194.94 130.74 0 0.02 23.71 137.42 894.42 Inconel X Tube, t,, = 0.25 mm
CHF type ¢ : DNB
IAFB Regime ¢: post-DNB
12.83 23.76 0.24 194.94 522.96 0 0.32 23.71 425.8 1819.34
Core et al. [13] 47 4.25 14.93 0.21 376.84 621.01 -0.39 0 23.19 201.06 2905.63 SS Tube, ty = 0.25 mm
CHF type ¢ : DNB
IAFB Regime 9: post-DNB
4.25 14.93 1.03 1014.53 5589.12 0 0.77 31.61 526.04 11,658.16
Hendricks et al. [83] 118 7.95 38.34 0.19 575.65 374.24 -0.12 0 22.66 72.13 2931.41 Inconel Tube, ty, = 0.78 mm
CHF type ¢ : DNB
IAFB Regime 9: post-DNB
7.95 38.34 0.5 1653.86 1650.59 0 0.71 27.23 386.95 17,359.39

(continued on next page)
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Table 10 (continued)

Reference Acceptable Tube dimensions Operating and Inlet Conditions Local Conditions HTC Measurements *° Remarks
HTC data
D x 103 Ly/D Px 1076 G qx 1073 Xeiin Xe Tge ATye hipe
[m] [N m?] [kg m? s7'] [W m?] (K] (K] [W m? K]
(b) Vertical Downflow
Papell [94] 39 12.83 23.76 0.24 194.94 32.68 0 0 23.71 100.05 300.38 Inconel X Tube, t, = 0.25 mm
CHF type ¢ : DNB
IAFB Regime ¢: post-DNB
12.83 23.76 0.24 194.94 522.96 0 0.32 23.71 552.48 1823.04
(c) Horizontal Flow
Wright and Walters 66 6.35 24 0.15 412.57 66.2 0.01 0.02 21.8 20.47 2263.89 Copper Tube, t, = 6.35 mm
[14] CHF type ¢ : DNB
IAFB Regime ¢: post-DNB
6.35 24 0.25 956.96 390 0.02 0.21 23.9 167.25 6058.64
LH, HTC data points 513
Liquid Nitrogen
(a) Vertical Upflow
Hynek et al. [48] 3 10.16 240 0.14 42.04 224 -0.13 0.13 80.07 99.88 68.91 Inconel 600 Tube, t, = 1.27
mm
CHF type ¢ : DNB
IAFB Regime 9: post-DNB
10.16 240 0.14 131.55 38.17 -0.02 0.81 80.07 325.02 382.16
Laverty and Rohsenow 416 8.1 149.84 0.12 94.39 11.74 0 0.01 78.46 100.51 68.11 SS 304 Tube, ty = 0.71 mm
[46] CHF type ¢ : DNB
IAFB Regime 9: post-DNB
8.1 149.84 0.14 299.73 92.11 0 0.43 80.49 541.43 339.51
Forslund and 143 5.79 148.61 0.17 92.65 14.8 —-0.06 0 81.96 135.01 75.91 SS 304 Tube, ty = 0.51 - 1.07
Rohsenow ° [39] mm
CHF type © : DNB
IAFB Regime 9: post-DNB
11.73 421.05 0.18 263.6 94.16 0 0.3 82.84 637.89 298.5
Xu et al. [88] 1 14 71.43 1.07 54.12 24.2 0 0.85 104.8 441 5483.44 SS 304 Tube, ty = 1 mm
CHF type ¢ : DNB
IAFB Regime 9: post-DNB
14 71.43 1.07 54.12 24.2 0 0.85 104.8 441 5483.44
Lewis et al. [15] 52 14.1 29.05 0.33 231 27.98 -0.04 0.13 89.13 123.87 58.7 SS 304 Tube, t, = 0.89 mm
CHF type ¢ : DNB
IAFB Regime 9: post-DNB
14.1 29.05 0.39 57.37 46.37 -0.01 0.76 90.81 789.93 268.69
Papell [96] 81 12.83 23.76 0.24 516.45 11.45 -0.01 0 85.55 62.39 127.71 Inconel X Tube, t, = 0.25 mm
CHF type c : DNB
IAFB Regime d: post-DNB
12.83 23.76 0.24 1760.63 85.38 -0.01 0.05 85.55 527.67 225.11

(continued on next page)
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Table 10 (continued)

Reference Acceptable Tube dimensions Operating and Inlet Conditions Local Conditions HTC Measurements Remarks
HTC data
D x 103 Ly/D Px 1076 G qx 1073 Xein Xe Tge ATye hipe
[m] [N m?] [kg m2 s7] [W m2] (K] (K] [Wm?2 K]

(b) Vertical Downflow

Papell [96] 14 12.83 23.76 0.24 399.08 8.44 -0.01 0 85.55 292.44 24.09 Inconel X Tube, t,, = 0.25 mm
CHF type c : DNB
IAFB Regime d: post-DNB

12.83 23.76 0.24 1760.63 94.96 -0.01 0.01 85.55 477.22 214.39
Umekawa et al. [93] 6 5 180 0.1 138 9.5 -0.01 0.02 77.35 195.85 37.28 SS 304 Tube, t, = 0.5 mm
CHF type © : DNB
IAFB Regime ¢: post-DNB
5 180 0.1 138 9.5 -0.01 0.06 77.35 254.84 48.51

(c) Horizontal Flow

Zhang et al. [95] 2 2.92 204.97 0.33 235 43.6 0 0.61 88.98 23.36 1450.14 SS Tube, tw = 1 mm
CHF type © : DNB
IAFB Regime 9: post-DNB

‘D 32 S1IMIUDY [ 12IDd Y ‘UDSIUDD ‘A

2.92 204.97 0.33 235 43.6 0 0.69 88.98 30.07 1866.33
LN, HTC data points 718
Liquid Methane
(a )Vertical Upflow
Glickstein and 5 8.76 95.65 1.03 92.22 214.51 -0.12 0.33 149.88 407.57 502.9 Inconel 600 Tube, t,, = 0.38
Whitesides [85] mm
CHF type © : DNB
IAFB Regime 9: post-DNB
8.76 95.65 1.03 207.5 359.53 0.5 0.75 149.88 628.81 571.77
LCH,4 HTC data points 5
Total 1310

* Superheated IAFB data are available only for LH, by von Glahn and Lewis [38] and Lewis et al. [15].

2 hype is HTC defined using equilibrium vapor temperature, Tge, as reference temperature, hepe = ﬁ

All data in this reference are associated with non-uniform heat flux conditions due to strong axial conduction, leading to strong axial variations in wall temperature and therefore electrical resistance.
¢ CHF type identified using solution strategy adopted in Table 5.

Inverted Annular Film Boiling (IAFB) regime, dependent on CHF type, is identified from original references.
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Table 11
New universal cryogen correlation for saturated and superheated* IAFB HTC based on equilibrium quality, X, and equilibrium vapor temperature, Tge. This correlation is
based on cryogen data from PU-BTPFL post-CHF HTC Database.

Correlation Equation Constants

1310 Data Points DFFB Heat Transfer Coefficient, hp: c; = 0.7484

MAE (%) = 26.8 hepe = ﬁ = C1hppg.e(Bo*)® c; = —0.4133

RMS (%) = 35.2 where

6 (%) = 65 hpp.ge = 0.023ReQSPro 4 ke

& (%) =86 Rege = % and Prg, = “”,;%

Fluids: with all thermophysical properties of vapor

LHe, LH,, LN;, LCH, are evaluated at Tg,

Flow Direction: Modified Boiling Number, Bo*:

Vertical Upflow Bo* = % 1430%
. Xein Xein

\l_/[ertAlcal Dlox;_\;nﬂow Equilibrium vapor enthalpy, hge, and

orlzonFa ow equilibrium vapor temperature, Tge:

Constraints: hoo—h: +492

Xe > 0 - e

IAFB Regime Constraints ?: se = fhgeP)

ATpp = T = 1 (+10%)

D x 103 Px 106 G gx 1073 Bo* Xe Tge ATwe hipe
[m] [Nm ~ 2] [kg m — 2 [Wm - 2] K] [K] [Wm-2K~-1]
s 1]

0.47 0.10 3.87 0.45 0 0 4.22 0.18 24.09
141 1.07 1760.6 5589.1 1.7 1.71 149.88 789.93 17,359

* Superheated IAFB data are available only for LH, by von Glahn and Lewis [38] and Lewis et al. [15].
? Twpsge is given by Eq. (9).

Table 12
Data exclusion strategy for local minimum heat flux (MHF) and re-wet wall temperature (RT) data for sub-critical cryogenic flow boiling in uniformly heated straight
circular tubes.

Deviation from

standard flow Miscellaneous

Reference configuration ? Missing data factors Remarks

(a) Complete Exclusion

von Glahn and Lewis [38] . Only overall range for pressure provided for certain data
points, and inlet quality information missing

Laverty and Rohsenow [46] . Only values of minimum heat flux and mass velocity
provided ©

Forslund and Rohsenow . Only values of minimum heat flux, mass velocity, and tube

[39] diameter provided

Hynek et al. [48] . . Certain tests performed using twisted tape inserts to
generate swirl flow; inlet quality information missing

Jergel & Stevenson [56] . Free convection laminar flow in rectangular channel test
section with only a small fraction of test section heated

Noord [28] . Only transient boiling data provided for decreasing heat flux

Matsumoto et al. [24] . . Heat flux information missing for certain data points;
uncertainty in extraction of quur and Twrewer information
from boiling (average) curves ¢

Shirai et al. [89] . . Certain data points unclear due to lots of scatter; heat flux

information missing for certain data points; uncertainty in
extraction of qyur and Twrewer information from boiling
(average) curves 9; certain data points display anomalous
transition ¢ from film to nucleate boiling at MHF

(b) Partial Exclusion ®

Hildebrandt [1] . Only overall range for mass velocity provided for certain data
points

Ogata and Sato [4] . . Certain data points display anomalous transition ¢ from film
to nucleate boiling at MHF; only overall range for pressure
and mass velocity provided for certain data points

Panek et al. [69] . . Certain tests performed under no-flow conditions; gmax

(maximum heat flux post-CHF attained before decreasing the
heat input as seen in Figure 17) information missing for
certain data points to estimate zyyr

@ Standard flow configuration is uniformly heated straight circular tube with deceasing heat input applied externally to single-component fluid.
b Select data points are excluded while remaining data are used in the present study.

¢ Reported in Forslund and Rohsenow [39].

d For average boiling curves (q versus ATy,,.), obtained by decreasing the heat flux, average wall temperature is heated-length weighted arithmetic average of wall
temperatures from two distinct heat transfer regimes: nucleate boiling (pre-MHF) and film boiling (post-MHF). Hence, despite MHF occurring, if the heated length corre-
sponding to the nucleate boiling (pre-MHF) is smaller than that of the film boiling (post-MHF), the average wall temperature might not accurately show the transition,
therefore creating uncertainty in estimating quur and Twrewer from boiling (average) curves.

¢ For local boiling curves (q versus ATy.) generating by decreasing the heat flux, there is an abrupt jump at MHF when transitioning from film to nucleate boiling at
zwnr- For average boiling curves (q versus AT,.), there is smooth transition at MHF from film to nucleate boiling as zyyr moves downstream towards the exit. The slope
of the boiling curve in this transition region is near-zero.

22
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Table 13
Parameter ranges of acceptable local minimum heat flux (MHF) and local re-wet wall temperature (RT) data.
Acceptable
Reference MHF data  Tube dimensions Operating and Inlet Conditions ° MHF Conditions Re-wet Conditions Remarks
D x 103 LH/D Px 1076 G qMHF X 1073 (qmax X 1073 xe,in ZMHF X 103 Xe,MHF Tw,rewet ATw,e.l'ewet htp.e.l‘ewet
[kg m - 2 [Wm -2
[m] (Nm - 2] s 1] Wm-2] [Wm-?] [m] [K] [K] K-1]
Liquid Helium
(a) Vertical Upflow
Panek et al. ** [69] 17 6.35 0.79 0.04 3.97 4.01 7.59 0 0.11 0 - - - OFHC Copper Tube
CHF type © at gmax’ DNB
Film Boiling Regime 9:
IAFB
6.35 0.79 0.1 63.16 5.12 9.72 0 2.68 0.01 - - -
Hildebrandt *** [1] 1 1 20 0.08 223 1.15 1.81 0 13.17 0.12 4,93 0.95 1218.23 Silver Block, ¢ =1 um
CHF type © at gmax’ DNB
Film Boiling Regime ¢:
IAFB
1 20 0.08 223 1.15 1.81 0 13.17 0.12 4.93 0.95 1218.23
Ogata and Sato ***2 2 1.09 77.98 0.11 82.52 0.16 - 0.59 56 0.67 4.49 0.16 896.69 SS Tube, ty = 0.26 mm
[4] CHF type © at gmax’
Dryout
Film Boiling Regime ¢:
DFFB
1.09 77.98 0.11 92.16 0.63 - 0.92 56 0.94 5.03 0.7 973.96
(b) Vertical Downflow
Panek et al. *+ [69] 12 6.35 0.79 0.04 7.6 1.93 4.88 0 0.73 0 - - - OFHC Copper Tube
CHF type © at gmax’ DNB
Film Boiling Regime 9:
IAFB
6.35 0.79 0.1 92.16 3.55 7.97 0 2.52 0.01 - - -
LHe MHF data points 32
Liquid Nitrogen
(a) Vertical Upflow
Simon et al. **** [98] 35 12.8 23.83 0.23 182.18 62 - 0 19 0 356.7 248 163.17 Nickel Alloy Tube,
tw = 0.25 mm
CHF type € at gmax’ DNB
Film Boiling Regime ¢:
IAFB
12.8 23.83 1.39 2374.69 152 - 0 19 0.02 524.07 429 455.09
LN, MHF data points 35
Total MHF data points 67
Total Re-wet data 38

points

* References without zyyr information. MHF location approximated to be same as zcyr corresponding to gmax (see Fig. 17) which can be then found using the solution strategy adopted in Table 5.
** References with zyyr information.
+ References without local Ty ewer information.

++ References with local Ty rewet information.
2 Tests performed by fixing heat flux, mass velocity and varying inlet quality using pre-heater.

b gmax is maximum heat flux provided to test section before being reduced to MHF point (see Fig. 17).

¢ CHF type at gmax identified using solution strategy adopted in Table 5.

d

Film boiling regime, dependent on CHF type, is identified from original references.

¢ CHF type at gmax, for references without gmax information, is identified from original references.
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Table 14
New correlation for cryogen minimum heat flux (MHF) based on estimating MHF location, zyyr, to be anchored at zcyr corresponding to qmax.
Correlation Equation Constants
67 Data Points Minimum Heat Flux (quur): c; = 0.2821
MAE (%) = 9.5 e — 0.25¢,Weg2 2EYS (1 — X ) T () c; = —0.3410
Ve D> pg
RMS (%) = 12.0 If Zyyr is unknown, evaluate zypr = Zewr at Gmax © using solution €3 = —0.5381
0 (%) =98 strategy in Table 5. ¢4 = —0.3545
& (%) = 100 ¢s = 0.5594
Fluids:
LHe, LN,
Flow Direction:
Vertical Upflow
Vertical Downflow
Constraints °:
Either zyyr Or gmax must be known
CHF type © at gmax: DNB
Film Boiling Regime °: IAFB
D x 103 Px 10°% Py G Xejin Weg,p x 1073 05/ g Zmur X 103 XeMHF amur > ¢ quur X 1073
(m] [Nm - 2] [kgm - 2s-1] (m] [Wm - 2]
1 0.04 0.07 3.97 0 0.01 6.55 0.11 0 0.02 0.16
12.8 1.39 0.49 2374.69 0.92 20.97 76.57 56 0.94 0.98 152

3 gmax is maximum heat flux provided to test section before the heat flux is reduced to MHF point (see Fig. 17).

Xe.MHF

b Evaluated using Zivi's void fraction relation, oypr = [1 + (M)(%)Z/B]’V

¢ 2 data points from Ogata and Sato [4] lack information on gmax, however, this reference alludes to a Dryout-type CHF and therefore DFFB-type film boiling

regime, which is also confirmed by high values of oy.

Table 15
Correlation for local re-wet temperature (RT) based on new minimum heat flux (MHF) correlation for cryogens.
Correlation Equation Constants
38 Data Points Local Re—vs;et TerTnperature (Tw,rewet )t cs = 0.1634
MAE (%) = 5.1 ATjyer = 7225738 = ¢ (BOjyp) c7 = 0.1427
RMS (%) = 6.7 where
= Toornia Tuoage =T +
%) = uids: _ 0.8 pr04 kee
LHe, LN, Monge = 0.023RegePrse Ty
Flow Direction: Rege = =2 and Prge = “Egec

Vertical Upflow
Constraints *:

with all thérmophysical properties of vapor are
evaluated at Tge

Either zyyr Or gmax must be known Xe MHF = Xe,in +

CHF type © at gmax: DNB
Film Boiling Regime °: IAFB XeMHF—Xe in

©
Boymr = =155

AMHF ZMHF
4 Ghg, D

e
Modified Boiling Number at MHF, Boj;:

Minimum Heat Flux (quur) from Table 14

Dx10° Px10°° Pr G Xejin Zynr X 10° Xe MHF ampr > ¢ quer X 1073 T rewet ATy e rewet
(m] [Nm - 2] [kgm~2s~1] (m] (Wm-?] (K] (K]
1 0.08 0.07 22.30 0 13.17 0 0.02 0.16 4.49 0.16
12.8 1.39 0.49 2374.69 0.92 56 0.94 0.98 152 524.07 429

3 gmax is maximum heat flux provided to test section before the heat flux is reduced to MHF point (see Fig. 17).

b Evaluated using Zivi’s void fraction relation, cypr = [1+ (M)(%)Z/B]’l.

Xe.MHF

¢ 2 data points from Ogata and Sato [4] lack information on gmax, however, this reference alludes to a Dryout-type CHF and therefore DFFB-type film boiling

regime, which is also confirmed by high values of op.

and its predictive capability graphically presented in Fig. 18.

For rewet temperature (RT), the proposed functional form is
based on the hypothesis that the wall temperature just before MHF
should obey the physics for IAFB, which was presented in Fig. 12.
This hypothesis is shown in Fig. 19. From the re-wet temperature
data by Simon et al. [98] with saturated liquid inlet conditions,
it is seen that for fixed zyyr and quur, ATwerewer decreases as
Xemur increases. Similarly, it is also observed that for fixed zyyp
and Xe vur, ATw,erewet iNCreases as qyyr increases. Both of these in-
ferences point to an increase in ATwge rewet for fixed zyyr if Xe Mur
increases and qypur decreases. Since MHF is the limiting case of

24

IAFB as the heat flux is reduced, the LN, MHF data of Simon
et al. [98] are mapped on a plot of normalized wall temperature
(AT, pg) versus modified boiling number (Bo*) and is checked for
consistency with the trend of saturated IAFB data in Fig. 12. It is
observed that both the LN, MHF data by Simon et al. [98] and sin-
gle LHe MHF datapoint by Hildebrandt [1] undergo IAFB until MHF,
therefore obeying the expected trend. Employing this hypothesis, a
new correlation for local RT is constructed in Table 15,

Tw rewet = Tsar + 0'16(TW,DB,g,e — Tsat) (BOTVIHF)OAMv
and its predictive capability graphically presented in Fig. 20.

(15)
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Fig. 14. Comparison of cryogen data from PU-BTPFL post-CHF HTC Database with predictions of new universal correlations for saturated (0 < x. < 1) DFFB HTC (a) based
on actual quality, x,, actual vapor enthalpy, hga, and actual vapor temperature, Tg,, and (b) based on equilibrium quality, e, and equilibrium vapor temperature, Tge.
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Fig. 15. Comparison of cryogen data from PU-BTPFL post-CHF HTC Database with

. . . Fig. 16. Comparison of cryogen data from PU-BTPFL post-CHF HTC Database with

gFEd:thlons (tJf rllew 111'121versal ctorrle lation fort;alt urathed andd su;:ert;eated DtFFB HTC predictions of new universal correlation for saturated and superheated (only LH,)

tl?:ee Ton actual quality, Xa, actual vapor enthaipy, flga, and actual vapor tempera- IAFB HTC based on equilibrium quality, e, and equilibrium vapor temperature, Tge.
by Iga.
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regime transitions from film to nucleate boiling for DNB-type CHF (high G, high g, and Low Ly/D) in vertical upflow with saturated liquid inlet.
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5. Conclusions and Recommendations

The present study was motivated by absence of a large, reli-
able, error-free saturated and superheated flow film boiling heat
transfer coefficient (HTC) database necessary for developing corre-
lations as well as future analytic and computational models. An
exhaustive literature search identified 1730 Dispersed Flow Film
Boiling (DFFB) and 1310 Inverted Annular Film Boiling (IAFB) use-
ful local post-CHF HTC data points for four different fluids, LHe,
LH,, LN,, and LCHy4, which were consolidated into a post-CHF HTC
database. Similar efforts were carried out to collect a relatively
small Minimum Heat Flux (MHF) and local Rewet Temperature
(RW) database. Using these database, new universal DFFB and IAFB
local HTC correlations were constructed for saturated and super-
heated conditions. Similarly, new local MHF and local RT correla-
tions were constructed. The new HTC correlations, intended specif-
ically for cryogens, were found to provide good agreement with the
data in terms of both predictive accuracy and trend.
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Appendix 1
Actual vapor bulk temperature derivation for DFFB

Local enthalpy, h, at any axial location z along the test section
can be evaluated using inlet enthalpy, h;,, global operating condi-
tions, q and G, and test section diameter, D, using a simple energy
balance. Neglecting axial pressure variations, the local enthalpy can
be determined from

h=h,+41%

c5 (Al1)
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This local enthalpy is equal to both enthalpy (h.) defined using
thermodynamic equilibrium quality, xe, and enthalpy (h,;) defined
using non-equilibrium (actual) quality, x5, respectively.

h=he = hg, (A12)

where

he = (1 = Xe)hy + Xehg, (A1.3)

and

he=(1- x“)[hf«e *+Cpfa (Tf«a - Tsaf)] +Xa[hge + cpga(Tga — Tsar) ],
(A1.4)

where Ty, and Tga, are actual liquid and vapor temperature, re-
spectively, and ¢, and cpga are specific heat capacity values cor-
responding to T, and Tg,, respectively.

Substituting Eq. (A1.3) and Eq. (A14) in Eq. (A1.2), the general
form for actual vapor bulk temperature, Tgg, is found as,

Xe —Xq) h 1—x,)C
(Xe —Xa) Ngg _ ( a) Cp.fa (Tf,a _ Tsat)-
Xa  Cpga Xa  Cpga

As indicated earlier, dispersion of fine evaporating liquid
droplets at saturated and superheated conditions for post-CHF dis-
persed flow film boiling (DFFB) allows assumption that liquid will
maintain saturation temperature (i.e., Tr, = Tsat). This simplifies
Eq. (A1.5) for both saturated (0 < xe < 1) and superheated (xe > 1)
dispersed flow film boiling, resulting in the following relation for
actual vapor bulk temperature,

Tg,a = Tsat + (A].S)

Xe —Xq) Npg

Tg,a = Tsat + ( (A16)
Xa

Cpga’
which can be solved iteratively using the relation cpga = f(PTga).

Alternatively, Eq. (A1.6) can be written in terms of actual vapor
enthalpy using the relation

Xe — X,
hga =hge + Cpga(Tga — Tsar) = hge + %hfgﬁ (A17)
a
which can be solved to evaluate Tg, using the relation Tga = f(P,
hg,a).
Re-arranging Eq. (A1.7) yields
Xg= — ¢ (A18)

hga—hg \
1+( hys )

Equation (A.1.8) is identical to one arrived at by Forslund and
Rohsenow [39].
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