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ABSTRACT

Ability to deliver very high electrical current through a charging cable is key to successful proliferation
of electric vehicles (EVs). Associated with high current delivery is a host of thermal problems stemming
from the need to remove enormous amounts of heat from the cable. This study seeks to develop a highly
effective thermal management scheme based on subcooled flow boiling principles. The main objective
is to develop a consolidated theoretical/empirical method for predicting the heat transfer and pressure
drop characteristics of both laminar and turbulent flows though concentric circular annuli with uniformly
heated inner wall and adiabatic outer wall. Although maintaining subcooled boiling along the entire cable
is a key practical objective, this consolidated method is shown to be capable of tackling multiple flow
regimes (single-phase liquid, subcooling boiling, saturated boiling, and single-phase vapor) and highly
effective at predicting local surface and fluid temperatures. This method is then adopted to design and
optimization of very high current EV charging cable cooling system using dielectric fluid HFE-7100 as
coolant. Effects of various parameters, including electrical current, both wire and conduit sizes, inlet fluid
temperature, and flow rate are carefully addressed and recommendations made for effective and robust
overall system design.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Subcooled Flow Boiling Thermal Management of Ultra-Fast

Electric Vehicle Charging Systems

and increased research and development. But there are numer-
ous hurdles that need to be overcome to attract more people to-
wards EVs, a major one being the average time required to charge
an EV. Presently, this is much longer than the re-fueling time for
petroleum-based vehicles.

Recent years have witnessed the worldwide proliferation of
Electric Vehicles (EVs) for a variety of benefits they offer over con-
ventional petroleum-oil-based vehicles (also called Internal Com-
bustion Engine Vehicles; ICEVs) [1,2] such as (i) negligible emis-
sion and reduced overall air pollution [3-5], (ii) lower cost of op-
eration [6], (iii) reduced noise levels [7], (iv) uncertainties in both
the availability and cost of petroleum oil in the future [1,8], and
finally (v) rapidly falling prices due to both government policies
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Electric vehicle charging systems can be broadly classified into
two based on the type of current that is conducted into the EV:
Alternating Current (AC) or Direct Current (DC). Note that the elec-
trical grid’s AC needs to be converted to DC to be stored in the
battery. EV chargers can also be classified into three based on their
power levels: Level 1 (Opportunity), Level 2 (Primary), and Level
3 (Fast) [9-11]. Typically, DC chargers offer the fastest rates of
charging, and have fewer components onboard the EV, reducing
both volume and weight [12]. Numerous standards are available
worldwide to ensure their uniformity and safety, the most pop-
ular being J1772, ChAdeMO, GB|T, Mennekes, and Tesla [13]. The
key components of a typical DC EV charging system is illustrated
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Nomenclature

A area

Ac cross-sectional area

Bo boiling number, Bo = q”;/Gh,

C empirical coefficient

Co convection number

Cp specific heat at constant pressure
D diameter

Dy, hydraulic diameter

Dyp heated perimeter diameter

D, laminar equivalent diameter

E enhancement factor

F empirical constant

f friction factor

Fr Froude number

G mass velocity

g gravitational acceleration

h enthalpy; heat transfer coefficient
h average heat transfer coefficient
hy, latent heat of vaporization

Lyire current through charging wire

Ja* modified Jakob number, Ja* = ¢, pATgyp,in/hge
Jar* modified Jakob number, Ja** = ¢, ATgp/hgy
K incremental pressure drop number
k thermal conductivity

L length

Lt non-dimensional length, L* = L/(DyResp)
L* non-dimensional length, L* = L/(DpResp Pr)
My, molecular weight

N number of segments

Nu Nusselt number

P pressure

Pr friction perimeter

Py heated perimeter

Pg reduced pressure

Pr Prandtl number

Qy volumetric flow rate

q" heat flux

r* radius ratio, r* = D;/D,

Re Reynolds number

S safety factor; suppression factor

T temperature

T average temperature

ATy  fluid subcooling, AT, = Tsar - Ty
U bulk fluid velocity

v specific volume

Vi specific volume difference between vapor and liquid
Xe thermodynamic equilibrium quality

Xet turbulent-turbulent Lockhart-Martinelli parameter
z axial coordinate

Greek symbols

o void fraction; temperature coefficient of material

5t dimensionless hydrodynamic boundary layer thick-
ness

% dynamic viscosity

v kinematic viscosity

w parameter in mixture viscosity model

P density; electrical resistivity of material

o surface tension; area ratio

TF frictional shear stress

Subscripts

ad adiabatic

app apparent

c contraction

ch channel

crit critical

e expansion

exp experimental

f liquid; bulk fluid

fd fully developed

fo liquid only

g vapor

h heated

hy hydrodynamic entrance
i inner tube of annulus
in channel inlet

k index for a phase: liquid (f) or vapor (g)
l based on D,

max maximum

nb nucleate boiling

0 outer tube of annulus
out channel outlet

p plenum

pred predicted

s surface

sat saturation

sb saturated boiling

sc subcooled boiling

sp single-phase

th thermal entrance

tot total

tp two-phase

z local (along axial direction)
Acronyms

AC Alternating Current

AWG American Wire Gauge

CHF Critical Heat Flux

DC Direct Current

EV Electric Vehicle

HEM Homogeneous Equilibrium Model
ICEV Internal Combustion Engine Vehicle
MAE Mean Absolute Error (%)

ONB Onset of Nucleate Boiling

SFM Separated Flow Model

in Fig. 1, where the combined charging system type 1 standard
(J1772 + CCS) connector is shown as an example.

Decreasing EV charging times means the transfer of larger
amounts of energy in shorter durations and can be accomplished
by either increasing the charging current or voltage, or both. In-
creasing the charging voltage is accompanied by safety and cy-
bersecurity risks as well as various other limiting factors dis-
cussed in [14]. Increasing the charging current is a potentially bet-
ter path to developing ultra-fast EV chargers. The main obstacle
to this method is the large amount of heat dissipated in the con-
ducting elements, particularly charging cables and connectors. This
study is concerned entirely with developing a thermal manage-
ment scheme to dissipate heat from the charging cable of high-
current ultra-fast EV chargers.

A review of EV chargers available in market today revealed that
almost all low-power EV chargers utilize natural air convection to
dissipate the small amounts of heat generated. And higher-current
charging cables are cooled by forced air and liquid convection. The
charging rate of the fastest commercially available charger is ~500
kW, with the highest continuous current of charging cables be-
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Fig. 1. Key components of a typical DC electric vehicle charging system. Combined
Charging System Type 1 standard (J1772 AC + CCS) connector is shown as an ex-
ample.

ing ~500 A. Literature suggests that, including all losses, the effec-
tive gasoline refueling (energy transfer) rate of a light passenger
ICEV is ~5000 kW [15,16]. On comparing both, it is clear that to-
day’s fastest EV charging occurs at a rate one order of magnitude
lower than ICEV refueling time. Further increases in charging cur-
rent would lead to substantial amounts of heat dissipation within
the cables, and even single-phase liquid cooling can no longer be
used to cool them.

As opposed to single-phase, two-phase cooling schemes capi-
talize on both the coolant’s sensible heat (associated with an in-
crease in coolant’s temperature) and latent heat (resulting from
phase change from liquid to vapor) to greatly enhance heat dissi-
pation rates [17]. Researchers at both the Purdue University Boiling
and Two-Phase Flow Laboratory (PU-BTPFL) and other labs around
the world have studied and developed various boiling configura-
tions including pool boiling, channel flow boiling, jet impingement,
sprays, and combinations thereof. In this study, subcooled flow
boiling is proposed as a thermal management scheme that could
cater to cooling high-current charging cables of ultra-fast EV charg-
ers.

Most subcooled flow boiling studies are focused on conven-
tional channel shapes [18,19], with a smaller subset focused on
flow in annuli [19-24]. With two heat transfer walls, annuli flow
can have more combinations of boundary conditions and are clas-
sified into four kinds: either uniform heat flux or temperature of
inner tube, and either uniform temperature or adiabatic outer tube
[25,26]. Single-phase solutions to all other boundary conditions
could easily be found from the above four kinds by simple inter-
polation techniques.

For a more detailed introduction on EV chargers and subcooled
flow boiling, the reader is directed to the authors’ companion
study [27].

1.2. Recap of the Authors’ Experimental Investigation

The present study builds on the knowledge gained from the au-
thors’ companion experimental study [27], so a brief recap of the
same is provided to benefit the reader.

The study [27] focused on experimental investigation of sub-
cooled flow boiling in annuli. Based on a preliminary analysis, an
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experimental facility was built with a test module similar to a sec-
tion of charging cable and cooling conduit assembly. A custom-
built heater was used to mimic heat generation due to high current
supply through 6.35-mm diameter charging wire carrying contin-
uous currents ranging from 726 to 2438 A. Highly subcooled di-
electric liquid HFE-7100 was pumped through a 304.8-mm long
heated section of a horizontal concentric circular annulus of uni-
formly heated inner surface (heater) and adiabatic outer tube (con-
duit) of respective diameters 6.35 mm and 23.62 mm. Various test
cases of different operating conditions were conducted to experi-
mentally illustrate the performance of the cooling system and ex-
plain the heat transfer physics within the test module. The 820
collected datapoints were demarcated into their respective flow
regimes using flow regime contour maps. Careful assessment of
prior subcooled boiling correlations showed best predictions are
realized using the Moles and Shaw [28] correlation, evidenced by
a MAE of 11.68%.

Overall, it was experimentally shown that this thermal manage-
ment scheme could be utilized to cool down cables carrying up
to 2438 A continuous current, which is roughly four times higher
than today’s fastest commercial EV chargers.

But experimentation is not always the most viable option in
most cases. Alternate methods of prediction and estimation of re-
sults are usually sought after by both design engineers and re-
searchers.

1.3. Predictive Methods for Flow Boiling Heat Transfer

The high costs, long times, and large tedious efforts of experi-
mentation has led both design engineers and researchers to seek
alternate methods that help predict important parameters and ar-
rive at results in an expeditious, inexpensive, and user-friendly
manner. Such predictive methods yield a plethora of information
that help in the thermal management system design and opti-
mization process. Some of the various predictive methods available
for two-phase flow and heat transfer include empirical and semi-
empirical methods, and, to a lesser extent, theoretical and compu-
tational models, with each having their own advantages and disad-
vantages.

Owing to the complexity of two-phase flow and heat transfer,
empirical and semi-empirical correlations remain the most widely
used approaches of prediction. They are typically directly derived
from experimental data and are simple to use. But a key dis-
advantage is most having been developed using relatively small
databases and are applicable to very narrow ranges of operating
conditions and geometrical parameters, though some investigators
[29-31] have rectified this by amassing large databases from the
world literature to develop their own correlations. Another disad-
vantage of correlations is that, while they may enable prediction
of certain parameters for which they were specifically developed
(such as heat transfer coefficient and pressure drop), they are in-
capable of predicting intricate flow features.

Theoretical models are preferred for most flow situations as
they are universally applicable once validated for wide ranges
of experimental parameters. But presently, theoretical models are
available only for very specific flow situations such as annular flow
in circular and rectangular channels or growth and lift-off of a sin-
gle bubble. Given this major limitation, they are not popular as de-
sign tools. For example, given the different flow regimes along the
flow direction of subcooled flow boiling in annuli, theoretical mod-
els are simply not available for each individual regime.

Computational fluid dynamics (CFD) tools constitute another
prediction approach and have been gaining popularity in the de-
sign of thermal systems [32,33]. They yield the most detailed re-
sults, including temporal and spatial flow fields, which is not possi-
ble with other prediction methods and even experiments. Although
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Fig. 2. Schematics of annulus flow geometry and boundary conditions.

this method has shown great success in simulating single-phase
flows, two-phase flow simulation still faces many challenges, in-
cluding the need for more powerful and expensive computational
resources, and inaccuracies of the sub-models used. For example,
even with the availability of such resources, results from a single
case may still require several weeks for convergence [33]. And a
simple go-to CFD approach is not yet available, and the various
sub-models need to be carefully chosen based on validation with
experimental conditions.

It is possible to develop a consolidated theoretical/empirical
method that is based on several individual models and correla-
tions developed by theoretical, semi-empirical, or empirical means.
By taking advantage of the high prediction accuracy of each model
or correlation for various physical parameters in different regions
of the flow, the consolidated method constitutes the best avail-
able approach to predicting relevant parameters throughout the
flow domain. Such a method was previously proposed by Kim
and Mudawar [34] to predict subcooled and saturated flow boiling
in micro-channel heat sinks, and later adapted by Devahdhanush
et al. [33] for subcooled flow boiling in both micro- and macro-
channel heat sinks.

1.4. Objectives of Study

The main objective of this study is to develop a robust method
to predict subcooled flow boiling in concentric circular annuli with
uniformly heated inner tube and adiabatic outer tube. The consoli-
dated theoretical/empirical method is derived from the experimen-
tal conclusions of [27]. A key advantage of this method is its ability
to tackle both laminar and turbulent flows through annuli, includ-
ing single-phase liquid convection, subcooled flow boiling, satu-
rated flow boiling, and single-phase vapor convection. This method
is compared with subcooled flow boiling experimental data for val-
idation against a broad range of Reynolds numbers.

This method is adopted to the EV charger thermal management
application by replacing the inner heated tube with a heat gener-
ating charging wire, and predictions are made for a typical 5.00-m
long wire to demonstrate the effects of various parameters on sys-
tem performance. Finally, key recommendations are made to aid in
system design and optimization.

2. Consolidated Theoretical/Empirical Method
2.1. Overview of the Method

Fig. 2 depicts the annulus flow geometry, system nomenclature,
and boundary conditions. The flow domain of length L, is divided
into N small discrete segments of equal length, Az (N = 1000 in
this study). Steady-state calculations for different physical parame-
ters are performed in each segment in a coupled fashion, wherein
pressure drop and heat transfer calculations are performed simul-
taneously. Both cross-sectional variations and gravitational effects
are assumed to be negligible. Table 1 lists all the input param-
eters required, resulting output parameters, operating conditions,
and constraints imposed when using this method. The consolidated
method has the capability of tackling all possible flow regimes
from single-phase liquid to subcooled boiling to saturated boiling
to even single-phase vapor in both the laminar and turbulent flow
regimes. The single-phase liquid flow regime is further subdivided
into simultaneously (hydrodynamically and thermally) developing,
thermally developing, and fully developed. The thermal boundary
layer cannot become developed before the development of hydro-
dynamic boundary layer because of the dependence of heat trans-
fer on convective effects of the liquid [35]. Also, since the liquid
Prandtl number for most coolants and operating temperatures of
interest is above unity, momentum diffusivity dominates over ther-
mal diffusivity and renders the hydrodynamic boundary layer fully
developed before the thermal boundary layer [26]. It is emphasized
that not all flow regimes would be present in all cases, and the
contributions of each regime are rather dictated by the operating
conditions and geometrical parameters.

Tables 2 and 3 list all respective theoretical and empirical re-
lations used in the consolidated predictive method for determin-
ing pressure drop and heat transfer in the concentric annulus. Al-
though both laminar and turbulent flow regimes are shown on the
left and right sides of the tables, respectively, it is noted that flow
rates in most practical applications are found to fall into the tur-
bulent regime. The critical Reynolds number, Rey ., at which tran-
sition from laminar to turbulent flow occurs is dependent on the
radius ratio, r*. The lower limit of Res;; has been given in graph-
ical form by Hanks [36], with values of 2100 and 2285 at the re-
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Key information on consolidated theoretical/empirical method.

Input parameters

Important output parameters

Operating modes

Fluid (for thermophysical properties)
Mass flow rate (or volume flow rate)
Charging current (or surface heat flux)
Inner (wire/conductor) diameter
Outer (conduit) diameter

Length of conduit

Inlet temperature

Inlet saturation temperature (or inlet pressure)
Pressure drop

Heat transfer coefficient

Inner (wire) surface temperature

Fluid temperature

Heat generation rate

Thermodynamic equilibrium quality
Single-phase forced convection

Subcooled flow boiling
Saturated flow boiling

Constraints

Avoid sub-atmospheric
Avoid choked flow

spective extremes of r* = 0 and 1, and maximum value of 2462 at
r* = 0.15. For simplicity, a constant value of Rey ; = 2400 is used
in this study.

2.2. Pressure Drop

The total pressure drop, APy, includes the drop due to geomet-
rical contraction at the inlet, AP, single-phase region, APsp, two-
phase region, APy, and recovery due to geometrical expansion at
the outlet, AP.. The single-phase pressure drop is further com-
posed of two components: upstream liquid pressure drop, APy,
and downstream vapor pressure drop, APspg. And the two-phase
pressure drop is composed of two components: subcooled boiling,
APy, and saturated boiling, APg,.

2.2.1. Contraction Pressure Loss

The contraction pressure drop is given by Collier and Thome’s
[37] relation, where o, is the contraction area ratio and C. a
contraction coefficient associated with the formation of vena-
contracta. For single-phase flows, Geiger [38] defined C. as a func-
tion of o, and for two-phase flows at the inlet, the effect of vena-
contracta is neglected and C. = 1 based on the recommendations
of Schmidt and Friedel [39] and Abdelall et al. [40].

2.2.2. Single-phase Liquid Flow Regime

Laminar Flows - The hydrodynamic entrance length for laminar
flows is given by Liu’s [41] results, based on the recommendation
of Shah and London [42]. The apparent friction factor in the hydro-
dynamically developing region is given by the derivation of Shah
[43] and is dependent on parameters K(oo), f.Re, and C, whose
values are available in tabulated form. Here, K is the incremental
pressure drop number, a measure of the pressure drop contribu-
tion due to momentum change and increased wall shear as the
flow becomes fully developed; K increases from O at the inlet to-
wards a constant value K(oco) in the fully developed region. f.Re is
for fully developed flow and approaches 16 for r* = 0 (an infinites-
imal inner tube or a regular tube flow) and 24 for r* = 1 (flat duct
flow). C is a constant purely based on the tube geometry [43]. In
all regions downstream of the hydrodynamic entrance length, the
velocity profile becomes constant at all locations and the boundary
layer fully developed. The friction factor for this region is given by
a popular analytical relation from [25,42]. The right side of this re-
lation becomes 16 when r* = 0, the expression for circular tube
flow.

Turbulent Flows - There are not as many studies in the liter-
ature addressing turbulent single-phase flows in annuli as com-
pared to laminar flows. As proposed by Jones and Leung [44], a

laminar equivalent diameter, D;, for concentric annuli is calculated
and used in place of the hydraulic diameter, Dy, in turbulent circu-
lar tube flow equations. This approach has been shown to reduce
errors in prediction of fully developed flow friction factor in an-
nuli [44,45]. The hydrodynamic entrance length for turbulent flows
has been much debated in the literature for circular tube flows,
with multiple relations yielding different predictions [45,46]. This
is because of the dependence of Ly, on numerous hard-to-control
parameters like inlet turbulence intensity, wall surface roughness,
and minor disturbances [46]. Bhatti and Shah [45] showed that,
for a Reynolds number of 38,800, the predictions of 7 different
relations from the literature lie in the range of L,/D, = 15.6 -
41.6. For concentric annuli, one of the first acceptable relations was
given by Olson and Sparrow [47] based on their experimental re-
sults for two annulus geometries as 20 < Ly, /Dy, < 25, independent
of r*. A recent study by Shome [48] yielded relations for Ly, and
the hydrodynamically developing friction factor as functions of r*
based on results from a Reynolds Averaged Navier-Stokes (RANS)
numerical model results using the k-w turbulence model. Although
the RANS model was validated against Direct Numerical Simulation
(DNS) results, there is no validation against experimental results by
other investigators, and as such this model is not recommended at
present. The relation by Zhi-qing [49] has been recommended by
researchers because of its ease of use and validation against ex-
perimental studies [26,45]. Zhi-qing’s relation for circular tubes is
extended to concentric annular flow by replacing D, with D; and
the resulting equations for Ly, and friction factor are used. Friction
factor for the fully developed regime is determined from the Bla-
sius and McAdams relations in the lower (Re; < 20,000) and higher
(Re; > 20,000) turbulence ranges, respectively, both using D,.

2.2.3. Subcooled Flow Boiling Regime

The criteria for Onset of Nucleate Boiling (ONB) is discussed in
detail in [27]. Sato and Matsumura’s [50] relation is used to predict
the surface temperature at ONB, T; onp, and the most upstream lo-
cation at which the local surface temperature exceeds T oyp marks
the onset of boiling.

The ratio of subcooled flow boiling pressure drop to single-
phase adiabatic pressure drop is given by Hahne et al. [51] for re-
frigerants in circular tubes and annuli. This relation inherently in-
corporates the effects of annulus geometry, system pressure, and
fluid thermophysical properties.

2.2.4. Saturated Flow Boiling Regime
Saturated flow boiling is initiated after thermodynamic equilib-
rium quality, x,, reaches zero value. Pressure drop in this regime



V.S. Devahdhanush, S. Lee and I. Mudawar

Table 2
Consolidated theoretical/empirical method for determining pressure drop for two-phase flow along an annulus.

Total pressure drop

2f,G°L v,
AP.\'[J,I( — PP p.kk
D,

h

AP, =AP +AP, + AP, +AP; AP, =AP,  +AP

tot 3 sp.f p.g°

AF, =AF, +AF,

sh >

Contraction pressure loss

G ’ 4
ap =0 L] s (1m02) |14 e | 37y o, = 2
2 C, v A

! pin

1-0,
C. =1-————“——— for single-phase inlet [38]; C. =1 for two-phase inlet [39,40
T 208(1-0,)+05371 o EEP L P (39401

Hydrodynamic entrance length

Laminar [41,42] Turbulent
r 0 0.05 0.10 0.50 0.75 1.0 L =1-3590R51‘4D1 [49]
L, 0.0541 | 0.0206 | 0.0175 | 0.0116 | 0.0109 | 0.0108 Y
" Re, =GD,/ u,
L'= L 1+r‘2+(1—r*2) Inr"
ke, D, Dy =Dy [44]
(1-r)
Single-phase hydrodynamically developing flow (L <L, )
Laminar [43] Turbulent [49]
" \05 v 2
3.44 K(OO) (4L )+fR673.44 (L ) L,/D =1.4039Re!* 57 1+0.15776" =0.17935™"...
SopRey =55+ = v ~0.01685" +0.00645™
(L ) 1+ Gy (L ) hen &' <1 (developing region)
* w v >
r 0 0.05 0.0 1050 [075 [10 pime reg
K () [ 1250 |0.830 |0.784 |0.688 |0.678 |0.674 ;o= 1 1 0.25
Japp T

-
(1-0255"+0.06675") | Ly/D,
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L /D,
£, =10.07+0.316 “’/MS’ 0.25
" Re; L,;D,
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- 16(1 _r*)z . _— 12 f=0.0791Re,"* for 2400 < Re, < 20,000 (Blasius)
€y = g 75 T = - = 02
JanRe,, -2 21n(1/ B ) f=0.046Re,” for Re, >20,000 (McAdams)
Onset of nucleate boiling
40T,,v,h k.h
15 T g =1+ 2Dt [, b (T =T;) | [50]
o khe 20T,V ,h
Subcooled flow boiling
AP, s Ve P, " . ¢, AT,
< =1+500B0"Ja""* i.i] [51); Bo=—; Ja' = SpsCuin
AP, v, P Ghy, hy,
Saturated flow boiling
Homogeneous Equilibrium Model (HEM)
-1
1 1 _ . . Py |[1-x,
Two-phase mixture density, —=———F——~—=x Vv +(1Ux,)vf =7¥; Void fraction, @ =| 1+| = || —=
e o A o

G 1 P. 4P
14— 1- ~G? 1- E LGP < CH
_(dj] - { + h/g [xevg +( xg)v/ ]}{2 f/p [xcvg +( xe)vf]} A(, + vﬁg [GA( h/g
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Two-phase mixture viscosity, , =wu, +(1-w)(1+2.50) 1, ; ©= IV [52]
v “ VXV
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Single-phase vapor flow

Same relations as single-phase liquid fully developed flow, but with thermophysical properties of pure vapor

Expansion pressure recovery
A4
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_ _ Ve Xe,out . _
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v,
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can be predicted using either the Homogeneous Equilibrium Model
(HEM) or the Separated Flow Model (SFM). HEM treats the two-
phase fluid mixture as a pseudo single-phase fluid with averaged
properties that obey simple single-phase conservation equations.
Assumed are uniform pressure across the flow area, and both uni-
form and equal velocities of the two phases. SFM, using the ‘slip
flow’ formulation, considers the two-phase fluid to be artificially
separated into liquid and vapor phases, with each phase having its

Table 3
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own uniform velocity. As opposed to SFM, HEM is derived with-
out the use of empirically determined constants and can therefore
be used to model flow in annuli with greater confidence. How-
ever, HEM needs the determination of two-phase friction factor,
fip. which can be either a constant or calculated using the mix-
ture viscosity method. The mixture viscosity model of Beattie and
Whalley [52] has been shown to give best overall predictions in
all laminar liquid-laminar vapor, laminar liquid-turbulent vapor,

Consolidated theoretical/empirical method for determining heat transfer for two-phase flow along an annulus.

Thermal entrance length, Ly
Laminar [42] Turbulent [49,61,63]
L, =(D,RePr)L, L, =1.3590Re,/* D, +4D,
# ] 002 | 005 | 000 | 025 | 050 | 100 e P
L' ]0.02699 | 0.03043 | 0.03334 | 0.03726 | 0.03975 | 0.04101
Single-phase simultaneously developing flow (L < Ly)
Laminar [55,56] Turbulent
Nu Same as that for thermally developing flow.
| Pr=0.01 Pr=0.7 Pr=10
L 0.25 0.50 [0.25 |0.50 0.25 0.50
0.00025 | 50.77 | 49.5 |40.56 | 35.52 |30.24 |27.546
0.0005 |37.8 36.52 | 27.87 | 25.9 23.64 | 21.106
0.001 28.19 |26.93|21.16|19.24 |18.92 | 16.54
0.0025 | 19.265 | 18.02 | 1522 | 13.395 | 14.53 | 124
0.005 14.64 | 13.39|12.47|10.5 12.085 | 10.14
0.01 11.39 | 10.13|10.19 | 8.5 10.226 | 8.44
0.025 8.787 | 7.497 | 8.546 | 6.924 | 8.572 | 6.934
0.05 7.922 | 6.497 | 7.931|6.351 |7.934 |6.353
0.1 7.758 | 6.171|7.759 | 6.19 7.759 16.19
100 7.753 | 6.181 | 7.735 | 6.181 | 7.753 | 6.181
Single-phase thermally developing flow (L, < L < La)
Laminar [42] Turbulent
r Nu
L 002 [005 Jo1 [025 [05 |1 0.68+ ;283 ]
0.000025 | - - 71.556 | 59.307 | 53.969 | 50.740 | | Nu=Nu, |1+ 09/
0.00005 | - - 58.019 | 47.480 | 42.960 | 40.257 (L,/Dy) Prj*
0.0001 | 86.900 | 58.000 | 47.265 | 38.099 | 34.233 | 31.95
0.00025 | 70.400 | 45.500 | 36.356 | 28.615 | 25.418 | 23.567 | | Nus,r is the turbulent fully developed Nusselt number from the
0.0005 | 61.200 | 38.600 | 30.027 | 23.153 | 20.351 | 18.754 | | tables of Kays and Leung [65]
0.001 | 54.010 | 33.170 | 24.960 | 18.838 | 16.356 | 14.965
0.0025 | 46.480 | 27.580 | 20.000 | 14.515 | 12.367 | 11.193
0.005 | 41.850 | 24.200 | 17.120 | 12.075 | 10.127 | 9.081
0.01 | 38.093 | 21.521 | 14.903 | 10.219 | 8.433 | 7.490
0.015 | 36.319 | 20.278 | 13.889 | 9.381 | 7.668 | 6.773
0.025 | 34.556 | 19.060 | 12.904 | 8.573 | 6.931 | 6.086
0.05 | 33.126 | 18.091 | 12.128 | 7.938 | 6.353 | 5.546
0.1{32.729 | 17.827 | 11.918 | 7.764 | 6.192| 5.395
0.15]32.706 | 17.812 | 11.907 | 7.754 | 6.182 | 5.385
0.25]32.705 | 17.811 [ 11.906 | 7.753 | 6.181 | 5.385
0.51]32.705 | 17.811 | 11.906 | 7.753 | 6.181 | 5.385
1]32.705 | 17.811 | 11.906 | 7.753 | 6.181 | 5.385
100 | 32.705 | 17.811 | 11.906 | 7.753 | 6.181 | 5.385
Single-phase fully developed flow (L > Ls)
Laminar [26,42] Turbulent [65]
r Nu Re Nu (r"=0.10)
0.01 54.01669 Pr 10000 | 30000 | 100000 | 300000 | 1000000
‘&gi 33282;2 0] 115] 115] 115| 115 11.6
0.05 17.81128 0.001 11.5 11.5 11.5 11.7 12.3
0.08 13.46806 0.003 11.5 11.5 11.7 12.6 17.0
0.10 11.90578 0.01 11.8 11.8 13.5 19.4 39.0
0.15 9.68703 0.03 12.5 14.1 21.8 42.0 103
gig ;;gg;‘g 05| 408 81.0 191 443 1160
0:50 6.18102 0.7 48.5 98.0 235 550 1510
0.50 57849 1| 585| 120 292] 700[ 1910
1.0 538462 3] 935| 206 535 1300 3720
10 140 328 890 2300 6700

(continued on next page)
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30] 195] 478 1320] 3470] 10300
100 272| 673| 1910| 5030| 15200
1000 | 486 | 1240| 3600 | 9600 28700
Re Nu (= 0.20)

Pr 10000 | 30000 | 100000 | 300000 | 1000000

0| 840 830 8.30 8.30 8.30

0.001 | 840 | 8.40 8.30 8.40 8.90

0.003| 840 | 8.40 8.50 9.05 12.5

0.01| 850| 8.60 9.70 14.0 33.6

0.03| 9.00| 10.1 15.8 31.7 81.0

05| 312| 64.0 157 370 980

07| 386| 79.8 196 473 1270

1| 468 | 99.0 247 600 1640

3| 774 175 465 1150 3250

10 120 290 800 2050 6000

30 172 428 1210 3150 9300

100 243 617 1760 4630 13800
1000 448 | 1400 3280 8800 26000
Re Nu (r" = 0.50)
Pr 10000 | 30000 | 100000 | 300000 | 1000000

0| 628 6.30 6.30 6.30 6.30

0.001 | 6.28 | 6.30 6.30 6.40 6.75

0.003| 6.28| 6.30 6.40 6.85 9.40

0.01| 637| 645 7.30 10.8 23.2

0.03| 6.75| 7.53 12.0 24.8 35.5

05| 246| 520 130 310 835

0.7 309]| 66.0 166 400 1080

1| 382 835 212 520 1420

3| 66.8 152 402 1010 2870

10 106 260 715 1850 5400

30 153 386 1080 2850 8400

100 220 558 1600 4250 12600
1000 408 | 1040 3000 8000 24000
Re Nu (r"=0.80)
Pr 10000 | 30000 | 100000 | 300000 | 1000000
0| 587| 590 5.92 5.95 5.97

0.001| 5.87] 5.90 5.92 6.00 6.33

0.003 | 5.87| 5.90 6.03 6.40 8.80

0.01| 595| 6.07 6.80 10.0 21.7

0.03] 6.20| 7.05 11.4 23.0 61.0

05| 229| 495 123 296 800

07| 285] 623 157 384 1050

1| 355| 783 202 492 1350

3| 63.0 145 386 973 2750

10 102 248 393 1790 5150

30 147 370 1050 2750 8100

100 215 540 1540 4050 12100

1000 393 | 1000 2890 7700 23000

Subcooled flow boiling
For x. <-0.05,

h

0.5 0.7 0.46
& Cps My
b Py k, [28]

. 0.67
Nty 78.5[ s } [
Nusn h/g ng Cp.r A

=785B0"71a" % (p, /p, ) i

For -0.05 <x,.<0, A is determined based on a linear extrapolation of A at x. = -0.1 and -0.05 (refer to section 2.3.2 for details).

Saturated flow boiling

turbulent liquid-laminar vapor, and turbulent liquid-turbulent va-
por flow regimes by Kim and Mudawar [53,54] for all two-phase
flows (adiabatic, boiling, and condensation), which is why this vis-
cosity model is also adopted in the present study. The two-phase
Reynolds number, Rey, is calculated using this mixture viscosity
model, and then used to calculate the two-phase friction factor, fy,
using different expressions for laminar and turbulent flow regimes.

(continued on next page)

2.2.5. Single-phase Vapor Flow Regime

After all liquid has been evaporated, the channel would be filled
with single-phase vapor. Predictions for this flow regime can be
made using the assumption of fully developed flow and the same
relations given in section 2.2.2 can be used for laminar and tur-
bulent flows, but with liquid properties replaced by those for va-
por. Typically, this flow regime is not encountered in practical flow
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hy, =Eh,, +Sh,: h, =55P" (~log,,(P;)

—0.55

=S

sp

h, |1+46Bo", Bo<03x10™
h 230Bo", Bo>03x10"’

p

0.5

h, = [(Ehw ) +(Sh,)’ J

Option 1: Gungor and Winterton (1987) [67] (used in this study with D unless mentioned otherwise)

i 075 041
%o _ 14300080 +1.12) e | | 22
h,, 1-x, P,

For horizontal tubes with Fr, <0.05: E = EFr,
Option 2: Gungor and Winterton (1986) [30]
M,0°q"; E=1+24000B0"" +137X,"; S =(1+1.15x10°E? Re'/")"

For horizontal tubes with Fr, <0.05: E = EFr, and S =SFr)®

0.9 0.5
l—xe} (L,J
. Ve

Option 3: Shah (1982) [70]
max {1 8Co™"*, F.Bo" exp(2.47C(f“ 15)} N

0.1
)7
Xu ==L (
H,

hy ) {1 8Co™ F.Bo" exp(2.74Co4’ 1 )} , 0.1<Co<l
(150 o i)

1543, Bo<11x10™* 0.8 0.5
r= ’ 4> Co= i_1 Pe
Bo>11x10 X P,

For horizontal tubes with /7, <0.04: Co in above equations to be replaced by 0.38Fr,’°3C0
Option 4: Liu and Winterton (1991) [31]

0.35
—0.55 " v, N =
by, =55PY (~log,, (B)) " M,%¢"; E {qu Pr, [—é—lﬂ : 5=(1+0.055E*Re) "

For horizontal tubes with Fr, <0.05: E = EFr, and S =SFr)®

0.1-2F7,

0.1-2Fr,

Co<0.1

Co>1

e

Vi
0.1-2F,

Single-phase vapor flow

Same relations as single-phase liquid fully developed flow, but with thermophysical properties of pure vapor

boiling applications as Critical Heat Flux (CHF) is encountered up-
stream of x, = 1.

2.2.6. Expansion Pressure Recovery

Fluid at the exit of the annular channel is usually collected in a
plenum with a larger cross-sectional flow area. The corresponding
pressure recovery is given by Collier and Thome’s relation [37].

2.3. Heat Transfer

Heat transfer calculations are also performed for different flow
regimes along the length of the channel: single-phase liquid forced
convection, subcooled flow boiling, saturated flow boiling, and
single-phase vapor forced convection.

2.3.1. Single-phase Liquid Flow Regime

The single-phase liquid forced convection regime is composed
of simultaneously developing, thermally developing, and fully de-
veloped flow regimes for both laminar and turbulent flows.

Laminar Flows - The thermal entrance length, Ly, for laminar
flows is determined from Shah and London [42] as a function of ra-
dius ratio, r*. Axial locations that are within the hydrodynamic and
thermal entrance lengths form the simultaneously developing flow

region (Lt < L;y,L* < L3,). Local Nusselt number for this region is

dependent on axial location, radius ratio, and liquid Prandtl num-
ber, and can be calculated from the tabulations of Kakac and Yucel
[55,56]. Since their results are available only for r* = 0.25 and 0.50,
which incidentally is the range within which most practical annuli
lie, other values are obtained by linear interpolation between the
two. For significantly low r* values, the reader is directed to theo-
retical values from the study by Heaton et al. [57]. Downstream of
where the velocity boundary layer becomes fully developed, flow
falls in the thermally developing region (L* > L;;y, L* < L). The lo-
cal Nu in this region is available from tabulated results by Shah
and London [42] as a function of axial location and radius ratio.

These results are based on the augmented results of Lundberg et
al. [25,58] and Worsge-Schmidt [59]. The laminar fully developed
region (LT > L;y,L* > L) lies downstream of the location where
the thermal boundary layer becomes fully developed. Local Nus-
selt number in this region is constant for a specific geometry and
is given by Shah and London [42].

Turbulent Flows - There is no validated relation available to de-
termine the thermal entrance length, Ly, for turbulent flows as a
function of Reynolds number, Prandtl number, and r*. Quarmby
[60], Lee [61], and Lee and Park [62] showed that for concentric
annuli, Ly, with a fully developed inlet velocity profile increases
with increasing Re, although this dependence weakens at higher
Re. They all agree that Ly, increases with r* of the annulus, but
all their graphical results are based on Pr ~ 0.7. Lee [61] further
showed that for a fixed r*, Ly, is strongly affected by both Pr and
entrance length definition (1% or 5%). For higher Pr fluids in both
circular tubes and annuli, Ly, is negligibly affected by Re [61,63].
As a result, for fully developed inlet velocity profile, an approx-
imate constant value of L;,/D; = 4 is used for simplicity based on
Lee [61] and Notter and Sleicher [63]. This Ly, is much smaller than
Lyy for all Reynolds numbers. There is no relation available for Ly,
for cases with a uniform velocity profile (also called combined en-
trance length). A summation of Zhi-qing’s Ly, and the above rela-
tion for Ly, is suggested for obtaining an approximate L, for uni-
form inlet velocity profile (alternatively, since the entrance length
of turbulent flows is much smaller than that of laminar flows, tur-
bulent flow may be assumed to be fully developed from the in-
let for long tubes with acceptable error [35]; this approximation
is not used in the present study). Again, there are no correlation
equations, tabulations, or graphical results available for Nu of ther-
mally developing flow of high Pr fluids in concentric annuli. In the
thermally developing regime, Al-Arabi’s [64] correlation for ther-
mally developing flow in circular tubes is used with the fully de-
veloped Nu by Kays and Leung [65] to incorporate the effect of r*.
The same equations are used for both the simultaneously devel-
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Fig. 3. Correction of predicted local heat transfer coefficient in the near-saturated
subcooled boiling regime, shown for a set of geometrical parameters and operating
conditions.

oping and thermally developing flow regions because of negligible
differences in Nu between the two [66]. Finally, the local Nu in the
fully developed turbulent flow region is available from tabulated
results by Kays and Leung [65] as a function of Re, Pr, and r*.

2.3.2. Subcooled Flow Boiling Regime

A detailed discussion of appropriate correlations for predicting
heat transfer in the subcooled boiling regime in annuli is given in
the authors’ companion study [27]. Moles and Shaw’s [28] correla-
tion was concluded to yield the most accurate prediction of heat
transfer coefficient in this flow regime. It should be noted that
this correlation performs poorly at near-saturation temperatures
because the AT, 0 factor would result in infinite Nu [21,28]. To
avoid this singularity, this correlation is only used for x, < —0.05
rather than x, < 0. Nu in the region —0.05 < x, < 0 is predicted
by a linear extrapolation of the subcooled boiling predictions in
the region —0.10 < x, < —0.05; reasons for this linear approxima-
tion is purely mathematical, is the simplest and most indicative
of the slope of the h; vs. x. curve in this near-saturation region.
This is illustrated in Fig. 3 for a specific set of geometrical param-
eters and operating conditions. It is seen that, due to the available
surface superheat exceeding the required superheat for bubble nu-
cleation, ONB is reached very close to the entrance, after which
heat transfer coefficient increases sharply. The subcooled boiling
regime shows minor changes with local subcooling for x, < —0.05,
after which the slope increases considerably. By using the above-
mentioned correction, the slope of subcooled boiling heat transfer
coefficient near saturation effectively becomes constant and indica-
tive of the trend of h;, vs. x, observed in the more-subcooled region
(to the left; x, < —0.05).

2.3.3. Saturated Flow Boiling Regime

As discussed in [27], the fluid remains subcooled for all ex-
perimental cases and validation of the saturated boiling regime
is not needed. But for completeness, four options for calculating
heat transfer in the saturated boiling regime are suggested based
on validation results from other studies [31,67-69] involving large
databases of conventional sized channels and annuli. The four op-
tions are: Gungor and Winterton’s newer (1987) correlation [67],
Gungor and Winterton’s older (1986) correlation [30], Shah’s chart
correlation [70], and Liu and Winterton’s correlation [31]. Note that

10

International Journal of Heat and Mass Transfer 175 (2021) 121224

all correlations recommend the use of liquid Reynolds number,
Ref = G(1-x)D/py, whereas Liu and Winterton liquid-only Reynolds
number, Re, = GD/py. Section 4.1 provides a discussion on the dif-
ferences in heat transfer trends obtained for each correlation. Un-
less otherwise mentioned, Gungor and Winterton’s (1987) corre-
lation is used with D, in this study based on (i) good continuity
of h and T, about x. = 0 (see Fig. 7) and (ii) other correlation
evaluation studies [31,69] demonstrating its overall best predictive
capability among the four options.

2.3.4. Single-phase Vapor Flow Regime

Predictions for this flow regime can be made using the same
relations as single-phase liquid fully developed flow but with the
liquid properties replaced by those for vapor.

3. Experimental Methods and Comparison of Predictions with
Experimental Data

3.1. Experimental Methods

Before proceeding onto the results of comparison of predic-
tions with experimental data, a brief overview of the experimental
methods used to obtain this database is provided.

A schematic diagram of the experimental flow loop indicating
key components is shown in Fig. 4(a). The dielectric coolant, HFE-
7100, is pumped from a large reservoir by an internal gear pump,
through a filter, one among a set of two rotameter flow meters,
main control valve, plate-type heat exchanger serving as inlet sub-
cooler, and into the test module. The highly subcooled liquid en-
tering the module receives heat from the heater and rises in tem-
perature and/or vaporizes depending on the heat flux. The single-
phase liquid/two-phase mixture exiting module is brought down to
a lower temperature liquid in a plate-type heat exchanger serving
as condenser, and the liquid is returned to the reservoir. A relief
valve is provided in the loop for safety and a degassing contac-
tor for removing any dissolved non-condensable gas in the coolant.
Both plate-type heat exchangers are provided with their own sec-
ondary water loops circulated and conditioned by modular coolers.

The primary component of the horizontally-oriented test mod-
ule is a 6.35-mm diameter thin custom-built heater to mimic heat
generation from a current-carrying wire of the same diameter.
Photographs of the module before assembly, honeycomb core hold-
ing heater at exact center of outer tube, module after assembly,
and insulated module fitted onto experimental facility are respec-
tively shown in Figs. 4(b), 4(c), 4(d), and 4(e). The heater comprises
an upstream unheated length, middle heated length, and a down-
stream unheated length of 88.9 mm, 304.8 mm, and 165.1 mm,
respectively. The heater is placed at the exact center of a 23.62-
mm tube by fittings on one end and a 6.35-mm thick water-jet-
cut aluminum honeycomb core on the other, forming a flow annu-
lus. This core also serves to spread flow streamlines evenly around
the annulus. Five thermocouples are silver-soldered onto the In-
coloy heater surface at locations 25.4, 88.9, 152.4, 215.9, and 279.4
mm from the start of heated length, to measure surface tempera-
ture. The module also contains two sets of thermocouples, analog
pressure gauges, and absolute pressure transducers at each end to
measure bulk fluid temperatures and absolute pressures. All ther-
mocouples are type-T and calibrated in-house against a standard
platinum resistance temperature detector to improve the accuracy
to less than +0.1°C. Heater power is regulated through an auto-
transformer and measured using a power meter. The entire module
is insulated with 12.7-mm thick foam to prevent heat losses (see
Fig. 4(e)).

A summary of key parameters of the amassed experimental
database is presented in Table 4. For more details, the reader is
directed to the authors’ companion experimental study [27].
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Fig. 4. (a) Schematic diagram of experimental two-phase flow loop. Photographs of (b) module before assembly, (c) honeycomb core holding heater at exact center of outer
tube, (d) module after assembly, and (e) insulated module fitted onto experimental facility.

Table 4
Summary of key parameters of experimental datapoints from [27].
Fluid HFE-7100
Mass velocity, G 45,51 - 730.50 kg/m?s
Volumetric flow rate, Q, 1.25 x 107% - 2,02 x 10~* m?3/s(0.20 - 3.20 gal/min)
Inlet pressure, Py, 102,999 - 142,392 Pa(14.94 - 20.65 psia)
Outlet pressure, Py 102,061 - 140,218 Pa(14.80 - 20.34 psia)
Surface heat flux, q"s 16,309 - 199,210 W/m?
Inlet temperature, T, 20.33 - 29.23°C
Inlet subcooling, ATgypin 33.83 - 48.68°C
Inlet quality, X, -0.516 - -0.349
Outlet temperature, Toyr 21.00 - 44.96°C
Outlet subcooling, ATgyp,out 17.83 - 47.69°C
Outlet quality, Xeour -0.504 - -0.185
Average surface temperature, T 36.24 - 96.02°C

Equivalent current through charging wire, I, 725.61 - 243791 A

1
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Fig. 5. Comparison of consolidated method predictions of inner surface and bulk
fluid temperatures to experimental data in the laminar flow regime for different
surface heat fluxes.

3.2. Comparison of Predictions for Laminar Flows

Fig. 5 shows, for different heat fluxes, comparisons of the con-
solidated method predictions of inner surface and bulk fluid tem-
peratures to experimental data in the laminar flow regime. This
set of operating conditions corresponds to the lowest flow rate ex-
perimentally tested and a Reynolds number of Re; = 1469. Given
the very low mass velocity through the annulus, subcooled boiling
commences very close to the inlet. Surface and fluid temperatures
are compared to predictions because they are directly measured in
experiments and reveal the simultaneous predictive capability of
both pressure drop and heat transfer coefficient of the consolidated
method. Laminar flows tend to have very long entrance lengths
[35], and the length of the experimental module is shorter than
the hydrodynamic entrance length, so the flow is simultaneously
developing throughout the module. The predicted surface temper-
ature is seen to increase both along the flow direction and with
increasing surface heat flux. But the experimental trend is a large
surface temperature near the inlet (consider the first two upstream
datapoints) and an increase in the downstream part of the module
(consider the last three downstream datapoints) with a slope sim-
ilar to that of the predictions. It is clear that the predictions are in
good agreement with experimental data in the downstream part
of the module for all heat fluxes. The abnormally high T; noticed
near the inlet during experiments can be explained by the very
low mass velocity in a large diameter annulus. The flow might not
be fast enough to remove bubbles nucleating near the entrance
and might have resulted in localized vapor pockets near the up-
stream thermocouple locations. However, this cannot be verified in
absence of visual access to the interior of the module during ex-
periments. Since most applications have a much larger L,/D, ratio
than shown in Fig. 5, predictive capability in the downstream re-
gion matters the most. Moreover, practical applications rarely use
such low flow rates in the laminar regime because of their inferior
heat transfer performance. For all four q"s cases, the inferior heat
transfer at such low flow rates results in high Ts, which exceeds the
temperature required for bubble incipience and causes ONB to oc-
cur very close to the inlet. Fig. 5 also shows streamwise bulk fluid
temperature variations for all heat fluxes. Inlet fluid temperature
is used as an input in the prediction method, so the match with
experiments is perfect at this location. The predictions yield an al-
most linear increase in Ty from the inlet towards the outlet, due to
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the constant heat flux emanating from the inner surface and a con-
stant rate of heat addition to the subcooled bulk fluid. This rate of
Ty increase is higher for higher heat fluxes, per basic energy con-
servation. For all cases, the predicted values of fluid temperature
at the outlet are in almost perfect agreement with the measured
values; the minor variations can be attributed by the presence of

120 T T T T T T T T
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Fig. 6. Comparison of consolidated method predictions of inner surface and bulk
fluid temperatures to experimental data in the turbulent flow regime for differ-
ent surface heat fluxes and mass velocities of (a) G = 228.38 kg/m?s (Q, = 1.00
gal/min), (b) G = 455.93 kg/m?s (Q, = 2.00 gal/min), and (c) G = 683.10 kg/m?s
(Q, = 3.00 gal/min).
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non-condensed vapor in the bulk liquid at Ty, measurement loca-
tion.

3.3. Comparison of Predictions for Turbulent Flows

Predictive capability in the turbulent flow regime is of more im-
portance because practical thermal management applications use
higher flow rates to achieve superior heat transfer performance.
Higher flow rates also ensure gravity independence of the two-
phase flow system with less stratification because of the domi-
nance of pump-driven liquid drag effects on bubbles over buoy-
ancy effects within the module [71]. Fig. 6 compares, for differ-
ent heat fluxes, the consolidated method predictions of inner sur-
face and bulk fluid temperatures to experimental data in the tur-
bulent flow regime for mass velocities of (a) 228.38, (b) 455.93,
and (c) 683.10 kg/m2s, which correspond, respectively, to flow rates
of Q, = (0.63, 1.26, and 1.89) x 104 m3/s (1.00, 2.00, and 3.00
gal/min), and Reynolds numbers of Re; = 7478, 14,822, and 22,219.
Entrance lengths for all cases are predicted to be shorter than the
module length, a characteristic of typical turbulent flows [35]. The
bulk fluid temperature, Ty, increases along the flow direction, and
with increasing q"s. For all combinations of G and q"s, T; predic-
tions almost perfectly match the experimental values. In Figs. 6(a)
and 6(b), sharp reductions in Ts near the inlet indicate ONB oc-
currence for the different heat fluxes. This is due to the subcooled
boiling heat transfer coefficient being at least an order of magni-
tude higher than single-phase convection. Ts is also seen to grad-
ually increase along the flow direction in the subcooled boiling
regime, and with increasing q"s. The predicted values are in good
agreement with those measured. In Fig. 6(c), the surface temper-
ature profiles corresponding to the three higher q"s cases are in
general agreement with the experimental values. But, while the
predicted Ts profile for the lowest heat flux, q"s = 33,431 W/m?,
shows a trend similar to that of the measured values, this case
shows a clear offset. Notice for this particular case that the consol-
idated method predicts surface temperature never reaches T ong,
i.e, boiling does not occur and single-phase flow is maintained
along the entire module. This is the reason for the blue Ts curve
(lower q"s = 33,431 W/m2) to be higher than the black curve
(higher q"s = 82,820 W/m?2) wherein ONB occurs near the inlet
and causes a drop in surface temperature and clearly indicates the
benefit of subcooled flow boiling over single-phase convection. For
all three cases, tiny downstream bumps in the predicted T profiles
indicate transition to fully developed flow.

Overall, this consolidated predictive method is validated for the
entire experimental ranges in Table 4 and the suggested appli-
cation range is the same. Extrapolation beyond these validation
ranges is possible as the individual correlations/models are already
applicable for wide ranges, however caution should be exercised.
This method could serve as a guide and allows for future modifi-
cations for fluids with significantly different thermophysical prop-
erties, operating conditions, etc., by substituting appropriate corre-
lations/models.

4. Charging Wire Cooling Predictions

The consolidated theoretical/empirical method is adopted to ob-
tain heat transfer and pressure drop predictions for HFE-7100 flow
surrounding a copper charging wire of fixed length of L, = 5.00
m (typical for actual charging cables) through which a continu-
ous current, I, is passed. Effects of various important parame-
ters that aid in the final system design are discussed in this sec-
tion. The geometry and operating conditions for which predic-
tions are made are described in the figures to follow. All flow
rates considered are high enough to maintain turbulent flow with
high Reynolds numbers. It is re-emphasized that the consolidated
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method does not consider flow stratification effects nor is it in-
tended for CHF prediction. As discussed in [27], the relation be-
tween the charging wire current and surface heat flux is

[ireP20:c(1 + o (Ts — 20°C))

g,
qg/ — 12 wire , (‘l)
wieD20C_ T, < 20°C
(T[ /4)Dwire

where p;9.c is the conductor resistivity at 20°C and « the conduc-
tor temperature coefficient. In the predictions to follow, Eq. (1) is
coupled with the relations given in Tables 2 and 3.

4.1. Choice of Saturated Boiling Regime Heat Transfer Correlation

Fig. 7 shows predictions of four different heat transfer co-
efficient correlations for the saturated boiling regime for the
same set of operating conditions. Given the low flow rate of
Qy = 6.31 x 1073 m3/s (1.00 gal/min) to cool a wire carrying
a high current of 2000 A, the fluid reaches saturation (x, = 0)
midway along the annulus. Since the same methodology is used
to predict heat transfer and pressure drop in the upstream flow
regimes, the local temperature and pressure profiles overlap onto
one another until saturation. In Fig. 7(a), the sharp decrease in T
near the inlet represents ONB, as discussed earlier. The reason for
the sharp decrease is the discontinuity in the heat transfer coef-
ficients predicted in the pure single-phase liquid regime and the
subcooled boiling regime. Following ONB, the heat transfer coeffi-
cient increases abruptly (by about an order of magnitude) as the
first bubbles begin nucleating because of the dominance of la-
tent over sensible heat transfer. The minute bump in Ts at around
z = 0.2 m indicates the predicted point of development of both
velocity and thermal boundary layers. Owing to the increase in
subcooled boiling heat transfer coefficient as the local subcool-
ing decreases, the difference between Ty and Ts keeps decreasing
downstream. The fluid increases in temperature in a linear fash-
ion until it reaches saturation. The change in trend of Ts in the re-
gion —0.05 < xe < 0 is the outcome of the correction described in
section 2.3.2. Fig. 7(b) shows pressure drop in the subcooled boil-
ing region is much smaller than in the saturated boiling region.
The rapid pressure drop in the region x, > 0 causes a correspond-
ing decrease in Ty There is no significant difference in pressure
drop predictions due to the choice of hy, correlation. Any small
differences can be explained by changes in local fluid properties.
This also causes the Ty profiles in the saturated region to fall onto
one another.

In Fig. 7(a), Ts again abruptly changes depending on the choice
of hg, correlation. With T; being almost the same for all cases,
it is easy to compare saturated boiling heat transfer coefficients
from the Ts profiles, the higher the Ts, the lower the predicted
heat transfer coefficient. It is seen that Gungor and Winterton’s
(1987) [67] correlation seems to predict in a continuous fashion.
They suggested use of heated perimeter diameter, Dy, for better
predictions with their correlation for annuli; although the effect of
choice of length scale, D, is not explicitly evident in the correla-
tion, the effect is incorporated in the form of different Re, which
affects the single-phase heat transfer coefficient and then the sat-
urated boiling heat transfer coefficient. This yields a slightly higher
Ts (or lower h) than using D, but follows the same trend of T
increase downstream. A similar trend, but with Ts values lower
than Gungor and Winterton (1987) is obtained using their older
(1986) [30] correlation. It is to be noted that although the trends
ended up being similar, the forms of these two correlations are
very different. Liu and Winteron’s [31] correlation predicts a fairly
constant heat transfer coefficient along the entire saturated boiling
region, making Ts decrease along the flow direction in accordance
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Fig. 7. Predictions of (a) local surface and fluid temperatures, and (b) pressure profiles based on different saturated flow boiling heat transfer correlations.

with Ty. Using Dy, instead of Dy, in their correlation increases the
surface temperature. Shah’s [70] chart correlation divides the sat-
urated boiling regime into three parts and therefore yields discon-
tinuous predictions. The major reason for the different correlations
exhibiting predominantly two trends in T,, (Liu and Winterton de-
creasing and the others increasing streamwise) within the satu-
rated boiling region are the choice of Reynolds number used. Liu
and Winterton recommend the use of liquid-only Reynolds num-
ber, Re;, = GD/uy, which remains constant as x. increases along
streamwise direction, making h almost constant, and T, follow the
same slope as Ty. The other correlations recommend the use of lig-
uid Reynolds number, Ref = G(1-xe)D/uy, which decreases towards
zero downstream, causing h to decrease and T, to increase. Also
note the Gungor and Winterton [30,67] and Shah [70] correlations
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contain a xe/(1-x.) term raised to a positive power; this term tends
toward singularity as x — 1. Notice in Fig. 7(a) that all the correla-
tions considered predict exit qualities corresponding to nearly pure
vapor, which points to the likelihood of CHF occurrence within the
annulus length and probable unsafe operation for these operating
conditions and geometrical parameters (refer to section 4.8.2 for
discussion on CHF).

Although operating conditions in actual EV charging situations
would be selected to maintain subcooled conditions along the en-
tire length of the cable, some of the operating conditions discussed
in the later sections do contain a short saturated boiling region.
Gungor and Winterton’s (1987) [67] correlation will be used with
Dy, to predict the saturated boiling heat transfer coefficient hence-
forth in this study (reason given in section 2.3.3).
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Fig. 8. Effectiveness of subcooled boiling over single-phase liquid convection for I, = 1400 and 1900 A: (a) surface and fluid temperature profiles, and (b) pressure profiles.
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Fig. 9. Effects of annulus inner diameter (wire size) on (a) surface and fluid temperature profiles, and (b) pressure profile for fixed outer diameter (conduit size).
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4.2. Effectiveness of Subcooled Boiling over Single-phase Liquid
Convection

Fig. 8 elucidates the effectiveness of subcooled boiling over
single-phase heat transfer for I,;, = 1400 and 1900 A. The same
consolidated method, operating conditions, and fluid properties are
used for both, but for obtaining pure single-phase predictions, the
ONB criterion is artificially turned off. The operating conditions
considered here ensure subcooled liquid outlet. It can be seen in
Fig. 8(a) that, for single-phase flow, Ts maintains a trend almost
parallel to that of Ty in the fully developed flow region because
of the almost constant heat transfer coefficient of pure liquid con-
vection. For the same set of operating conditions, subcooled boil-
ing decreases Ts considerably. This is more evident for the higher
charging current, I, = 1900 A, where HFE- T mqx = 74.58°C com-
pared to Tsmax = 226.20°C for single-phase cooling. The latter very
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(a) surface and fluid temperature profiles, and (b) pressure profile for fixed flow area.

high Tsmax proves that single-phase cooling is obviously unrealis-
tic and unsafe for high charging currents. For I,,;, = 1400 A, ONB
for the saturated boiling case occurs about halfway along the an-
nulus, after which subcooled boiling brings T; down, whereas pure
single-phase convection causes a continuous increase in Ts. Sub-
cooled boiling also results in a cooler fluid at the outlet. Fig. 8(b)
shows the pressure profiles for both single-phase cases are fairly
linear along the flow direction and completely overlap with one
another. And subcooled boiling results in a higher pressure drop
downstream of ONB. The total pressure drop, AP, is 4826 Pa for
both single-phase cases, but for subcooled boiling, AP is 5214 and
6879 Pa for 1400 and 1900 A, respectively, which correspond to
8.04% and 42.54% increases compared to the single-phase cases.
These AP increases are relatively manageable in practical situa-
tions considering the corresponding enormous corresponding heat
transfer enhancement with subcooled flow boiling.
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Fig. 11. Effects of annulus outer diameter (conduit size) with fixed wire size on (a) surface and fluid temperature profiles and (b) pressure profile for Q, =
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(2.50 gal/min), and (c) surface and fluid temperature profiles and (d) pressure profile for Q, = 3.15x10* m3/s (5.00 gal/min).

4.3. Annulus Inner Diameter (Wire Size)

Standards are available worldwide for the maximum current
through different sizes of air-cooled electrical conductors. For free-
air-cooled wires, oversizing the conductor is usually not a problem.
However, this is not the case in many practical applications involv-
ing stringent volume and weight limits. Fig. 9 shows, for a fixed
annulus outer diameter (conduit size) of D, = 17.78 mm and a rel-
atively high current of I, = 2000 A, the effects of annulus inner
diameter (wire size), D;, on heat transfer and pressure drop charac-
teristics of the cooling scheme. Shown are results for five different
standard American Wire Gauge (AWG) sizes: 0000, 00, 1, 3, and 5.
Fig. 9(a) shows that for the two largest wire sizes, AWG0000 and
AWGO00, the flow remains single-phase liquid. With D, and flow
rate held constant, a larger D; both decreases the flow area and in-
creases the mass velocity. Additionally, Eq. (1) shows the heat flux
varies as the cube root of D;. The combination of higher mass ve-
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locity and/or higher heat flux leads to comparatively low values
for both Ty and T for larger wire sizes. For the smallest wire size,
AWGS5, the opposite is observed, and the fluid reaches saturation
conditions. The intermediate wire sizes of AWG1 and AWG3 ac-
quire subcooled boiling, with AWG1 having ONB downstream of
that for AWG3. Fig. 9(b) shows how, because of appreciable vapor
generation, pressure drop for AWGS is so large that the local pres-
sure near the outlet goes sub-atmospheric, which is undesired due
to possibility of air inclusion into the HFE-7100 in actual charging
situations. For the other wire sizes, pressure drop increases consid-
erably with increasing wire diameter because of smaller hydraulic
diameter and increased flow velocity. Overall, AWG3 provides a
good comprise of (i) both low surface and fluid temperatures, (ii)
small pressure drop, (iii) good flexibility, and (iv) lightweight ca-
bles.

Another method to help isolate the effect of D; is to compare
results for fixed flow area, A, (and also fixed mass velocity) rather
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Fig. 12. Performance of cooling system for I,;. = 2000 A and different flow rates: (a) surface and fluid temperature profiles and (b) pressure profile.

than fixed D,. This would help determine the reason for trends
in Fig. 9(a), i.e., whether G or q"s contribute more to the trends
with respect to D;. Fig. 10 shows trends for a fixed flow area of
Agq = 2.216 x 10~* m? (equal to that of AWG3 and D, = 17.78
mm in Fig. 9) with all other parameters the same as in Fig. 9. The
trends in Fig. 10(a) resemble those of Fig. 9(a) but with slight dif-
ferences. It is clear that both G and q"s contribute to heat transfer
trends with respect to D;, with the larger contribution from q".
Fig. 10(b) shows pressure profile is about the same for the four
largest wires because of equal mass velocity and small amount of
vapor generated along the annulus (including zero vapor genera-
tion for AWG0000) in the single-phase and subcooled boiling re-
gions. Like Fig. 9(b), pressure drop for AWG5 in Fig. 10(b) is quite
large and leads to sub-atmospheric conditions in the outlet region.

4.4. Annulus Outer Diameter (Conduit Size)

Figs. 11(a) and 11(b) illustrate the effects of outer diameter
(or conduit size), Do, on local surface and fluid temperature pro-
files and pressure profile, respectively, for a fixed inner diame-
ter of D; = 5.83 mm (AWG3) and a relatively low flow rate of
Qy = 1.58 x 10~% m3/s (2.50 gal/min). Five different conduit sizes
are compared. Although smaller D, is preferred for EV charging
in terms of both weight and cable flexibility, Figs. 11(a) and 11(b)
show the smallest outer diameter of D, = 12.70 mm renders the
system unstable because of two-phase choking. Choking is mani-
fest as a steep adverse pressure gradient, which is seen near the
outlet in Fig. 11(b). This condition, which accounts for both two-
phase flashing and compressibility effects, is accurately determined
using HEM [33]. The flow is stable for other outer diameters. ONB
is encountered near the entrance for all D,, and subcooled boil-
ing occurs along the entire wire length. There are no significant
differences in Ty among the different D, cases, but pressure drop
decreases with increasing D, because of the decreasing mass ve-
locity.

Figs. 11(c) and 11(d) present results for a higher flow rate
of Qy = 3.15 x 10~% m3/s (5.00 gal/min). Here, the smallest of
D, = 12.70 mm shows a massive pressure drop culminating in sub-
atmospheric pressure conditions for more than half the flow length
as well as two-phase choking near the outlet. Pressure drop again
increases with decreasing D,, but the differences are larger than in
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Fig. 11(b) because of the higher flow rate. ONB moves downstream
with decreasing D, because of the increasing mass velocity. And
the outlet fluid temperature remains almost constant for all cases.

4.5. Performance at Different Flow Rates

Fig. 12 shows the performance of the cooling system for
Iyire = 2000 A and different flow rates in the range of Q, = (1.26
- 3.79) x 1074 m3/s (2.00 - 6.00 gal/min). Fig. 12(a) shows Ty in-
creasing with decreasing Q,. For the lowest flow rate of Q, = 2.00
gal/min, the fluid reaches saturation temperature, causing satu-
rated boiling to occur downstream. For all Q, values, ONB occurs
at the inlet, except for the highest flow rate of Q, = 6.00 gal/min,
for which there is a short single-phase portion near the inlet. And
both Ts and T for all flow rates lie in a reasonably safe range.
Fig. 12(b) shows pressure drop generally increases with increasing
flow rate except for the lowest flow rate of Q, = 2.00 gal/min, for
which pressure drop is higher because of the downstream satu-
rated boiling.

4.6. Inlet Fluid Temperature

Figs. 13(a) and 13(b) illustrate the effects of inlet fluid temper-
ature on the performance of the cooling system for I,,;,. = 2000 A.
With the inlet saturation temperature held constant, these figures
also show the effect of inlet subcooling in the range of AT, =
40.00 - 80.00°C. Fig. 13(a) shows that, for all cases, ONB occurs
close to the inlet and Ty profiles are almost parallel to one an-
other. And Ts profiles are almost parallel for lower values of Tj,
(higher ATy ;,), with maximum variation along the flow direction
achieved at the highest T;, (lowest ATy, ;). For most part of the
flow length Ts increases with increasing T;,. Fig. 13(b) shows pres-
sure drop is higher for higher T, (lower ATy, ).

Figs. 13(c) and 13(d) show comparative effects of T;, for the
same geometry and operating conditions, but a lower current of
Lyire = 1500 A. Clearly captured in Fig. 13(a) is the upstream shift
of ONB with increasing T;, (decreasing AT, ;,), which is the out-
come of the superheat required to induce bubble incipience de-
creasing with decreasing AT ip.

Fig. 14 shows the effects of inlet subcooling on average heat
transfer coefficient and average surface temperature. It is noted
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Fig. 13. Effects of inlet fluid temperature on performance of cooling system: (a) surface and fluid temperature profiles and (b) pressure profile for I, = 2000 A, and (c)
surface and fluid temperature profiles and (d) pressure profile for I,,;. = 1500 A.
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Fig. 15. Performance of cooling system for different charging currents. (a) Surface and fluid temperature profiles and (b) pressure profile for I,;, = 500 - 2500 A. (c) Surface

and fluid temperature profiles and (d) pressure profile for I, = 1300 - 1500 A.

nulus. For [, = 1500 A, the flow is single-phase for a short length
upstream, and ONB occurs at the inlet for ;. = 2000 and 2500 A.
The fluid undergoes only subcooled boiling for 2000 A, but 2500
A causes the fluid to reach saturation conditions before the out-
let. Fig. 15(b) shows pressure drop is quite small for all cases ex-
cept 2500 A, where the pressure drop is very large and causes the
flow near the outlet to fall below atmospheric pressure. Figs. 15(c)
and 15(d) provide results similar to those in Figs. 15(a) and 15(b),
respectively, but for a narrow range of I,;, = 1300 - 1500 A.
Fig. 15(c) shows how ONB moves upstream with increasing Iis-
This trend is the outcome of higher current increasing both the
surface heat flux and wall superheat, thereby aiding earlier acti-
vation of nucleation sites. Fig. 15(d) shows slight deviations from
initially linear pressure profile occurring downstream from ONB lo-
cation as the flow transitions from single-phase liquid to subcooled
boiling.
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4.8. Additional Considerations

4.8.1. Parallel versus Serial Cooling

The predictions in Figs. 7 - 15 are for a typical 5.00-m long
wire. A typical DC charging cable contains two high current carry-
ing wires, which both need to be cooled. In the final thermal man-
agement system, the coolant could flow around both these wires
along the same (parallel) direction or in opposite (serial) direc-
tion; the latter would have the coolant flowing around one wire
toward the charging plug and returning around the other wire to-
ward the charging station. The present predictions are equally valid
for a parallel-fed 5.00-m long cable, but the total flow rate would
be twice what is indicated in the plots. The predictions are also
valid for a serial-fed 2.50-m long cable, albeit some errors, such as
increased pressure drop due to the flow encountering a 180° bend,
are possible.
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4.8.2. Critical Heat Flux

Critical Heat Flux (CHF) marks the upper limit of the nucleate
boiling regime and therefore represent an upper design limit for all
heat-flux controlled applications. Therefore, operating conditions in
the two-phase thermal management system must be configured
to ensure operation below this limit to realize the aforementioned
advantages of high heat transfer coefficients and low surface tem-
peratures. Above CHF, the wire temperature is expected to rise in
an unsteadily manner to dangerous levels. Developing experimen-
tally validated CHF relation for annuli is beyond the scope of this
study but warrants systematic future study. However, based on ex-
tensive evidence for conventional channel flows, CHF is typically
seen for x. well below unity and may be enhanced by decreasing
inlet fluid temperature, increasing flow rate, and reducing heated
length.

4.8.3. Charging Wire Stranding

All predictions provided above are based on the assumption of
perfectly cylindrical wire with a uniform smooth surface. But both
AC and DC wires are often stranded, i.e., made of multiple thin-
ner filaments that are twisted together. This is typically done to
increase flexibility of the cable. Stranding leads to formation of
gaps within a roughly cylindrical shape. If the wire is directly ex-
posed to the coolant, the fluid would easily fill these voids, given
the highly wetting (low contact angle) characteristic of dielectric
coolants. To make rough predictions for a stranded wire, a simple
correction would be to use a composite thermal conductivity in-
stead of thermal conductivity of the conductor alone. The compos-
ite thermal conductivity would be based on conductor void frac-
tion in a circular cross-section, and both conductor and coolant
thermal conductivities.

4.8.4. External Temperature of Conduit

The design of a practical EV charger cooling system must con-
sider external temperature of conduit to ensure safe consumer
handling. This can be determined by a simple heat rate calcula-
tion across the conduit, which is a function of conduit wall thick-
ness and thermal conductivity, and external air natural convection.
Since fluid is directly in contact with the conduit’s interior surface,
an initial rough estimate of conduit wall temperature can be based
on the highest value of Ty for a given current, conduit geometry,
and operating conditions.

4.8.5. Charging Cable Length

Finally, an important design conclusion from the results pro-
vided in the present study is to reduce length of the charging ca-
ble. A shorter cable would ensure operation within the subcooled
boiling regime, thereby yielding low surface temperatures and low
pressure drops and also helping avoid CHF and two-phase choking.
However, any reduction in charge cable length must involve careful
consideration of the consumer’s handling.

4.9. Future Improvements to Predictive Methodology

The present study showed the great difficulty identifying appro-
priate predictive relations for the different flow regions encoun-
tered along the conduit’s length, especially those for the subcooled
boiling region. Given below are specific recommendations for fu-
ture work, which would improve predictions for charging cable
cooling:

1 Develop more accurate and robust instrumentation and data
processing methods for measurement of low void fraction in
the subcooled boiling regime.

2 Explore effects of variations in cable orientation relative to
gravity on both heat transfer performance and pressure drop
[73,74].

(vii)
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3 Capitalize on findings from recent theoretical and computa-
tional efforts, which have shown significant successes in model-
ing interfacial behavior, heat transfer characteristics, and pres-
sure drop in both boiling [75] and condensing [76,77] flows.

4 Develop CHF criteria/models for subcooled flow boiling in an-
nuli.

5. Conclusions and Design Recommendations

This study explored a thermal management scheme for ultra-
fast electric vehicle charging cables using subcooled flow boiling. A
consolidated theoretical/empirical method for predicting the heat
transfer and pressure drop characteristics for flow through a con-
centric circular annulus with uniformly heated inner wall and adi-
abatic outer wall is proposed. This method is capable of tackling
both laminar and turbulent flows in all heat transfer regimes, in-
cluding single-phase liquid, subcooled boiling, saturated boiling,
and single-phase vapor. Special attention is paid to entrance ef-
fects, given the large values for both conventional-sized annuli and
laminar flows. On comparison with subcooled boiling experimental
data from the authors’ companion study [27], the method shows
overall reasonable capability of predicting local surface and fluid
temperatures over a wide Reynolds number range. By adopting the
prediction method to the EV charger application, predictions are
made for a 5.00-m long charging wire and the effects of several pa-
rameters on system performance demonstrated to aid in the design
and optimization of the final cooling system. Based on the predic-
tion results, the following recommendations are made:

(i) All design parameters should be selected so that the flow
regime along the conduit is predominantly subcooled boiling.

(ii) The charging cable should be as short as practically permissible.
(iii) Effects of geometry and flow rate can be combined into those
of mass velocity. High mass velocities, while considered to pro-
vide better heat transfer performance, will result in large pres-
sure drop and therefore high pumping power. Very high mass
velocities might also cause two-phase choking, resulting in un-
stable and dangerous operation. On the other hand, low mass
velocities might cause the flow to reach saturation conditions
accompanied by large pressure drop or trigger an early CHF;
they may also increase buoyancy effects. As mass velocity has
a smaller effect on heat transfer performance in the subcooled
boiling regime, an optimal medium mass velocity should be
adopted that is capable of maintaining steady subcooled boil-
ing all along the charging wire.
An optimal medium value for volumetric flow rate, which is
proportional to mass velocity, must be selected based on the
geometry. The cooling system should be designed with a pump-
ing capability corresponding to the highest current value. Flow
rate could be dynamically adjusted while the system is in op-
eration based on actual current during the charging process.
For fixed conduit size and flow rate, a larger wire increases
mass velocity but reduces flexibility and maneuverability of the
charging cable. A smaller wire on the other hand offers better
handling, but the resulting higher surface heat flux and lower
mass velocity might result in saturated flow boiling, very high
pressure drop, and even sub-atmospheric local pressures. An
optimal intermediate wire size should therefore be adopted.
For fixed wire size and flow rate, a larger conduit decreases
mass velocity and increases cable size, and vice versa. An op-
timal intermediate value should therefore be adopted.
Effects of inlet fluid temperature and inlet pressure are col-
lectively reflected in the effect of inlet subcooling. Higher in-
let subcooling decreases both average surface temperature and
heat transfer coefficient, and vice versa. But maintaining higher
inlet subcooling would require higher inlet pressure, and there-

(iv)

(vi)
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fore higher pumping power, or lower inlet liquid tempera-
ture, the latter necessitating additional cooling capability at the
charging station. An optimal subcooling range must therefore
be adopted based on the maximum allowable cable surface
temperature and the ambient temperature.
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