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ABSTRACT

This study involves experimental investigation of key parameters influencing CHF for confined round sin-
gle jets and jet arrays impinging normally onto square heated surfaces. The experiments are performed
using R-134a, a fluid widely used for thermal management of electronic and power devices, especially
in aerospace applications. A comprehensive R-134a CHF database is acquired that considers the effects
of various geometrical parameters and operating conditions. Close examination of the data trends reveals
several strategies to augment CHF, such as increasing jet velocity and/or total mass flow rate and employ-
ing larger jet diameters for a fixed velocity or smaller diameters for a fixed flow rate. Higher CHF is also
achieved by increasing saturation pressure for a fixed inlet fluid temperature (i.e., higher saturation pres-
sures combined with higher inlet subcooling). Fluid exit qualities point to two different CHF mechanisms:
subcooled CHF at high flow rates and saturated CHF at low flow rates. Underlying mechanisms are also
propounded for two types of CHF transients: a sudden sharp temperature escalation at lower flow rates
and a mild gradual increase at higher flow rates. Close inspection of the heating surface following CHF
tests shows localized burnout patterns which provide significant insight into both the flow characteris-
tics within the confinement region and the spatial distribution of surface temperature resulting from jet
interactions. Statistical inference techniques are used in conjunction with the new understanding of fluid
flow and heat transfer physics to formulate a new correlation form for CHF. The resulting correlation,
which is based on a consolidated database of the present R-134a and previous FC-72 data, shows good
prediction accuracy, evidenced by a mean absolute error of 16.66% for both fluids and over broad ranges
of geometrical parameters and operating conditions.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Two-phase Thermal Management of High Heat Flux Electronic

and Power Devices

defense applications, point to the need to tackle dissipative heat
fluxes in excess of 1000 W/cm? [2].

It is now widely acknowledged that conventional thermal man-
agement methods like air convection (using both surface enhance-
ment and fans) and single-phase liquid cooling schemes are simply

Operation of many modern devices requires dissipating finite
amounts of heat. Thermal management of these components is vi-
tal to ensure both reliable and safe operation. This is especially
true in the case of electronic and power devices, which, for sev-
eral decades, have been undergoing simultaneous miniaturization
in size and increase in power dissipation, the net effects of which
has been a rapid escalation in heat dissipation per unit volume and
per unit device surface area. For example, heat dissipation from
computer chips exceeded 100 W/cm? as early as the mid-1980s
[1], and recent device developments, especially in aerospace and
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no longer capable of tackling cooling needs for high-performance
devices. This has caused thermal engineers to pursue a variety
of phase change schemes, which ameliorate cooling performance
by capitalizing on the cooling fluid’s latent heat of vaporization
in addition to sensible heat. The development of two-phase cool-
ing concepts and design tools has been a primary objective of in-
vestigations at the Purdue University Boiling and Two-Phase Flow
Laboratory (PU-BTPFL) dating back to 1984. These include capil-
lary devices [3], pool boiling thermosyphons [4-6], falling films
[7,8], macro-channel flow boiling [9-11], micro-channel flow boil-
ing [2,12-14], spray cooling [15], and jet impingement cooling [16].

A comprehensive review [17] of two-phase cooling solutions
points to three best cooling candidates for thermal management
solutions for very high heat flux applications: mini-/micro-channel
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Nomenclature

A area

Ar ratio of total nozzle area to heated surface area,
Ar = NAy/Ag

Ar Archimedes number

C empirical coefficient

Cp specific heat at constant pressure

D diameter

Fr Froude number

G mass velocity

g gravitational acceleration

H jet height (= height of confinement channel)

h enthalpy

hy, latent heat of vaporization

Ja* modified Jakob number, Jax = ¢, ATgp in/hfq

k thermal conductivity

L length

m total mass flow rate

N number of jets

n number of datapoints; number of test cases

P pressure

Qy volumetric flow rate

q" heat flux

q"cHF critical heat flux

1o dimensionless critical heat  flux, q&;=
q"cur/ (PghsgUn)

Re Reynolds number

T temperature

ATsqr surface superheat, ATsq = Ts - Tsar

ATgp  fluid subcooling, AT, = Tsar - Ty

t time

Uy velocity of jet at nozzle exit

Wh nozzle width in slot jet studies

We Weber number

Xe thermodynamic equilibrium quality

Greek symbols

e effectiveness

0 percentage predicted within £30%
Ac capillary length, Ac = /0 /g(p5 — pg)
% dynamic viscosity

& percentage predicted within +£50%
P density

o surface tension

Subscripts

c unit jet cell

char characteristic with respect to nozzle diameter
crit critical

exp experimental

f liquid

g vapor

h heated

in inlet

n jet nozzle exit; each nozzle

out outlet

pool pool boiling

pred predicted

S surface; solid

sat saturation

SS steady state

sub subcooling

tc thermocouple

z local

Acronyms

CHF Critical Heat Flux

MAE Mean Absolute Error (%)

ONB Onset of Nucleate Boiling

ONBD  Onset of Nucleate Boiling Degradation
RMSE Root Mean Square Error (%)

heat sinks, spray cooling, and jet impingement cooling. While the
three provide competing performance merits, each also suffers dis-
advantages stemming from either performance concerns or lack of
technical knowhow. For example, mini-/micro-channel heat sinks
are prone to high pressure drop, two-phase flow instabilities, and
large temperature gradients in the direction of coolant flow. Ap-
plication of spray cooling is highly complicated by dependence
of cooling performance on an unusually large number of param-
eters, rendering it often less favorable than mini-/micro-channel
heat sinks or jet impingement cooling. Lastly, a key drawback of
jet impingement is high coolant flow rate, which is necessitated
by a need to use multiple jet arrays to maintain surface temper-
ature uniformity. The present study is concerned entirely with jet
impingement cooling.

1.2. Two-Phase Jet Impingement Cooling

Jet impingement typically involves transfer of a high-velocity
fluid onto a heated surface. The fluid jet usually strikes the hot
surface perpendicularly, but researchers have also investigated
oblique/inclined jets where the jet strikes the surface at other an-
gles [18]. The earliest works on jet impingement focused on use of
gases such as air [19], but attention later shifted to using liquids in
pursuit of improved cooling rates. To cater to very high heat flux
applications, researchers started taking advantage of phase change
with liquid jets [20]. Jet impingement with boiling has applica-
tions in both heat-flux-controlled and temperature-controlled cool-
ing systems. Modern examples of the former are shown in Fig. 1
while the latter include metal alloy heat treating, rolling, casting,
and extrusion.

Some of the advantages of jet impingement compared to the
other high performance cooling schemes are (i) comparatively
lower pressure drop for equal heat flux removal, (ii) ability to cool
large surface areas by using multiple jet arrays, (iii) cooling com-
plex system shapes and multiple devices using the same cooling
system, (iv) improved surface temperature uniformity (by using
multiple jet arrays), and (iv) suitability for both microgravity and
high-body-force environments [21,22] which stems from reliance
on high flow inertia. But jet impingement is not without shortcom-
ings. They include (i) need for high-flow-rate pumping systems,
and (ii) potential adverse effects to heated surface or device caused
by both high impact and frictional shear stresses.

Jet impingement can be broadly classified into three categories:
free-surface [20], submerged [23], and confined [22]. A free-surface
jet is one where the liquid strikes the heated surface amidst a
gaseous medium or vapor. Submerged jets have the jet nozzle un-
der a pool of liquid, but the free surface of the liquid can still be
exposed to a gas or vapor. With confined jets, the jet fluid issued
from the nozzle is forced to flow in a narrow confinement space
separating the nozzle orifice from the heating surface. Among the
three categories, confined jets provide the best heat transfer per-
formance, especially in high heat flux situations, where boiling oc-
curs within the confinement space. Without the confinement, boil-
ing in the wall liquid flow emanating from the impingement zone
causes it to shatter and splash away from the heating surface. Con-
finement greatly reduces the liquid splashing, forcing more liquid
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Fig. 1. Examples of applications demanding high heat flux cooling solutions. Adapted from Mudawar [17].

contact with the surface, thereby reducing the possibility of pre-
mature surface dryout [24-27]. Another merit of the splash pre-
vention, especially when using dielectric fluid to cool an exposed
electronic or power device, is resisting contamination with non-
condensable gases which are known to greatly compromise heat
transfer performance during boiling [28]. Yet another advantage is
preventing the spent hot fluid from recirculating back towards the
heating surface where it might compromise cooling performance
[21].

1.3. Critical Heat Flux (CHF) for Impinging Jets

Critical Heat Flux (CHF) is arguably the most important safety
and design parameter for any application involving phase change
cooling of heat-flux controlled surfaces. Its occurrence is com-
monly traced with the aid of a boiling curve, a plot of surface
heat flux versus surface-to-fluid temperature. A boiling curve re-
flects the drastic changes in boiling regimes and therefore cooling
performance occurring with increasing heat flux. For most modern
high-heat-flux applications, the regime of primary interest is nu-

cleate boiling, which offers the advantages of most superior heat
transfer performance and lowest surface temperatures. CHF is the
upper heat flux limit for nucleate boiling, exceeding which would
cause the surface temperature to escalate uncontrollably, often to
levels triggering permanent damage to the device being cooled.
Optimum cooling is therefore achieved by maintaining cooling per-
formance (i) well within the nucleate boiling regime but (ii) safely
below CHF. Accurate determining of CHF therefore represents the
most paramount starting point when designing a two-phase ther-
mal management system.

Katto and Kunihiro [20] published the first systematic study ex-
plaining the mechanism of CHF for both free and submerged im-
pinging jets. They employed a gravity-driven round jet of water
which impinged normally on a circular heated surface. They ob-
served boiling in the radial wall liquid layer emanating from the
impingement zone causing splashing of liquid away from the sur-
face, which was a primary precursor for CHF occurrence. They at-
tributed the splashing to appreciable normal momentum of vapor
produced at the surface. The intense vapor production both inhib-
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ited access of fresh liquid to the heated surface and promoted for-
mation of dry patches along the surface, both clear signs of en-
suing burnout. Increasing jet velocity was found to increase CHF
by more effectively piercing coalescent vapor masses on the sur-
face. Their study was followed by several others on jet impinge-
ment CHF performed using different fluids, geometries, and oper-
ating conditions.

One of the first correlations for jet impingement CHF was pro-
posed by Monde and Katto [24] for single free-surface round jets of
water and R-113 impinging on both upward- and downward-facing
circular heated surfaces of diameter Ds and presented as

7 ps 0.725 o 1/3
CHF

=0.0745( — 1+ é&gp). (1a)
Peh rgUn (pg) (pr3D5> (15 &)
where gy, is the subcooling effectiveness, defined as

05 2
Cp f(Tsar — T;
Eup = 2.7<pf> (I’f(mm)) . (1b)
Pg hyg

Their experiments showed CHF was a strong function of the
jet nozzle velocity but unaffected by jet diameter, which implies
that, unlike other cooling schemes (e.g., channel flow boiling), CHF
is not dictated by coolant flow rate. They also observed a mono-
tonic increase in CHF with increasing subcooling. They formulated
their correlation for dimensionless CHF, g%, = q”cup/ (pghfeUn), as
a function of Weber number, liquid-to-vapor density ratio, and a
subcooling function of both density ratio and Jacob number. The
correlation suggested a strong influence of surface tension on CHF,
as with pool boiling, and the density ratio term facilitated correla-
tion of data for the two fluids and different operating conditions.

Over the course of several decades, most researchers employed
essentially the same dimensionless formulation of Monde and
Katto to correlate their CHF data. For example, Katto and Ishii
[29] used the same form for CHF data for single free-surface pla-
nar jets of saturated water, R-113, and trichloroethane impinging
on a downward-facing rectangular surface, but with slight vari-
ations in dimensionless parameters because of the different jet
shape; they also employed different empirical constants. Among
other studies employing the same formulation, Katto and Shimizu
[25] conducted experiments with free-surface circular jets of R-12
at various pressures, and water and R-113 at atmospheric pressure,
and observed the presence of two main CHF regimes: V- and I-
regimes. The V-regime was characterized by a CHF dependence on
jet velocity while the I-regime was independent of velocity. The
V- and I-regimes were prevalent at lower and higher jet velocities,
respectively, and the point of transition between the two shifted
towards lower velocities at higher pressures. They also observed
two additional minor regimes: D-regime corresponding to jet ve-
locities that were too small to induce splashing (which was also
observed in Katto and Kunihiro’s [20] experiments), and HP-regime
specific to very high pressures. They also proposed various crite-
ria to demarcate between the different regimes. Soon, many stud-
ies were published by the same research group that culminated in
new CHF predictive tools, such as those for submerged wall jets
[30], free-surface round jets (incorporating effects of heated sur-
face area) [31], plane wall jets (with CHF predicted using a hy-
drodynamic model) [32], free-surface round jets in the V-regime
(also using hydrodynamic model) [33], free-surface round jets in
the L-regime (characterized by a combination of very small jet ve-
locities and large surface-to-nozzle diameter ratio) [34]; they also
developed a generalized correlation for all CHF regimes based on
data collected over many years [26]. Another generalized correla-
tion was proposed by Katto and Yokoya [35] for single circular jets
impinging on circular surfaces based on prior data for water, R-113,
and R-12. The form of this correlation is significantly different from
those proposed earlier.
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Monde et al. [36] was the first to study the effects of multi-
ple jets on CHF, using two to four free-surface round jets of wa-
ter and R-113 impinging onto a circular heated surface at vari-
ous locations. They proposed a correlation with different empirical
constants for burnout happening at the jet center and the surface
edges. Noticing that their correlation had a form similar to that
of Monde’s single-jet correlation [31], they suggested strong simi-
larity in burnout mechanism between single and multiple jets. In
parallel, Sharan and Lienhard [37] re-correlated the data of Monde
[26] based on a mechanical energy stability criterion. Nonn et al.
[38] proposed yet another correlation for free-surface circular jets
of dielectric fluid FC-72.

The first correlations for confined jets were proposed by Mu-
dawar and Wadsworth [39], and McGillis and Carey [40] for slot
jets of FC-72 and circular jets of R-113, respectively. Using an array
of confined jets instead of a single jet has shown improved heat
transfer performance and augmented CHF for the same flow rate.
Numerous correlations have been proposed based on data for con-
fined jet arrays [22,41-43]. To achieve highly compact packaging
of the jet hardware, Meyer et al. [21] proposed using confined re-
entrant planar jets, where a single jet plate was used to both issue
the jets and tackle return of the spent fluid.

For several decades, all jet-impingement CHF correlations were
constructed by numerically fitting experimental data to physically
determined functional forms. In 2011, Cong et al. [44] employed ar-
tificial neural network and genetic algorithm principles to correlate
a database collected from the literature, and showed their model
yielded the lowest prediction errors. Another significantly differ-
ent predictive method was proposed by Cardenas and Narayanan
[45], who employed a forced convection CHF model for both free-
surface and submerged jets. Grassi and Testi [46] recently proposed
yet another predictive method for both submerged and electrohy-
drodynamic jets based on liquid-vapor interfacial instability theory.
Both Cardenas and Narayanan’s and Grassi and Testi’s CHF relations
were presented as ratios of jet impingement CHF to pool boiling
CHF, which required a separate correlation for the latter to deter-
mine the jet CHF values.

Apart from the above-mentioned predictive methods, many
other correlations have been proposed based on few datapoints
and narrow ranges of operating conditions [47-51].

1.4. Objectives of the Study

It is clear that confined arrays of circular jets provide superior
two-phase cooling performance, especially CHF, compared to free-
surface arrays and both free-surface and confined single jets. This
motivated use of the confined array configuration as a highly ef-
fective, very compact, and practical thermal management scheme
for removal of very high heat fluxes from electronic and power
devices found in many modern applications. While several of the
studies presented in the previous section explored development of
correlations suitable to several coolant types, limited use of water
for these applications and very large differences in thermophysical
properties between water on one hand and both refrigerants and
fluorochemicals on the other hand meant aiming to develop broad-
ranged correlations that include all three coolant types might in
fact compromise the accuracy of predictions for refrigerants and
fluorochemicals, which are the coolants most commonly used in
applications of interest. Therefore, the present study is focused on
performance of these two specific fluid types, albeit with an effort
to include broad ranges of jet array geometrical configurations and
operating conditions.

The representative fluids used in the present study to develop
a predictive CHF correlation for confined arrays of circular jets are
refrigerant R-134a and dielectric coolant FC-72. While the latter
fluid has been used in a variety of direct-immersion electronic
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cooling situations, R-134a is a refrigerant widely used in thermal
management systems, especially in the aerospace industry, and for
which jet impingement information is quite sparse.

In the present study, an experimental investigation is conducted
to explore dependence of CHF for R-134a confined round jet arrays
on key geometrical parameters and broad ranges of operating con-
ditions. Aside from the CHF measurements, close inspection of the
heating surface following CHF tests is used to infer both unique
flow characteristics within the confinement region and spatial dis-
tribution of surface temperature resulting from interactions among
the jets.

The new R-134a CHF data is combined with an older FC-72
database obtained at PU-BTPFL by Johns and Mudawar for confined
single jet data [22] and multiple jet data (available in [52] but not
previously published). The combined database for the two fluids is
the basis for a newly recommended CHF correlation.

2. Experimental Methods
2.1. Two-phase Flow Loop

A schematic diagram of the two-phase flow loop used in the
present study is shown in Fig. 2(a) and Fig. 2(b) shows a pho-
tographic view of the entire experimental facility, with key sub-
systems clearly identified. The closed loop conditions the working
fluid, R-134a, to the operating conditions required at the inlet of
the jet impingement test module and helps maintain flow stabil-
ity throughout the loop. Liquid refrigerant is pumped through the
loop by one of two gear pump (Micropump and Fluid-o-Tech) as-
semblies, each magnetically coupled to a fan cooled motor. The
motors are mounted on vibration dampeners with each powered
by a Variable Frequency Drive (VFD) for flow rate control. The two
pumps yielded broad but overlapping ranges of flow rate, but both
the low and high ranges of flow rate for each pump were avoided
to preclude any flow pulsations or instabilities. Two Flow Tech-
nology turbine flow meters, FTO and FT series, are used to mea-
sure flow rate of subcooled liquid over a range of 1.52x1077 -
6.06x10~* m3/s (0.002 - 8.0 gal/min). Before heading to the jet
impingement test module, the flow is routed through a control
valve, which is used to regulate the flow resistance, thereby reg-
ulating pressure and flow rate as well as helping prevent pressure
oscillations in the test module. The liquid acquires heat within the
test module, and, depending on the amount of heat supplied, ei-
ther gains sensible heat or undergoes phase change. The fluid then
enters a Trenton fin-and-tube air-cooled condenser, where it re-
jects heat to the surroundings and returns to single-phase liquid
state. A SWEP plate-type heat exchanger is located downstream of
the condenser to help achieve subcooled conditions and condense
any possible vapor bubbles before the fluid enters the pump. Dis-
tilled cooling water is circulated through the other flow side of the
heat exchanger with the aid of a Lytron MCS20 modular cooling
system.

A set point pressure for the loop is controlled by means of
an electrically heated liquid reservoir system at a junction down-
stream of the condenser. Most of the fluid in the loop is stored
in the liquid reservoir, which is fitted with an assembly of heaters
and a Lytron MCS20 cooling system. The heaters receive AC power
through a solid-state relay controlled by an Omega PID controller
based on feedback from a pressure transducer near the junction.

2.2. Test Module

Figs. 3(a) and 3(b) provide, respectively, 3D-CAD exploded and
fully assembled views of the jet impingement module. The pri-
mary components of the module are a heater block, a jet plate,
and housing. Owing to multiple geometries tested in this study,
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multiple heater blocks, jet plates and housings were fabricated,
but share the same outer dimensions. Machined out of oxygen-free
copper (C10100) the heater blocks feature cylindrical bores where
high-power-density Watlow cartridge heaters are inserted. The top
surface of a particular heater block serves as heating surface in a
simulated electronic or power device. Three different heater blocks
are used, designated as Small, Medium, and Large, with surface
areas of A; = 4.23 x 423, 12.7 x 12.7, and 254 x 25.4 mm?,
respectively; Figs. 3(a) and 3(b) show the module containing the
Large surface heater. Images of the three heater blocks are shown
in Fig. 4(a) both before and after insertion of the cartridge heaters.
Fig. 4(b) shows the heater blocks flush mounted into the bottom
heater block housings to prevent any flow disturbances to the exit
flow. The Small, Medium, and Large heater blocks are fitted with
one, four, and nine heaters, respectively, with a layer of boron ni-
tride applied along the outer surfaces of the cartridge heaters to
minimize contact resistance. The three heater blocks have holes for
one, two, and three thermocouples, respectively, which are drilled
6.35-mm below the top surface. Care was taken to distribute the
metal removal evenly around the heater block for a better heat flux
distribution.

Twelve different jet plates were machined out of blocks of
aluminum alloy 6061, which were then clear anodized to guard
against both erosion and corrosion. The plates possess different
number of nozzles (1, 3 x 3, and 6 x 6), and jet nozzle diameters
of D, = 0.40, 0.79, and 2.06 mm. The single-jet plate featured one
central nozzle and the array-jet plates evenly distributed nozzles
located each at the center of each jet cell of the heated surface.
The single-jet plates could be used with all heated surfaces, the
3 x 3 array plates with both the Medium and Large surfaces, and
the 6 x 6 array with only the Large surface. To reduce pressure
drop in the jet plate and to ensure flow uniformity, each jet plate
has a nozzle made of two parts: an upper enlarged hole (3.175-
mm diameter and 12.7-mm deep) and a lower smaller diameter
hole with actual jet diameter and depth four times the diameter,
Fig. 5(a). A Vee transition between the two holes further helps re-
duce pressure drop [53], where the Vee-angle equals that of the
drill bit used to form the larger hole.

As illustrated in Fig. 3, the housing is made of multiple layers of
G-10 and G-7 fiberglass composites assembled together. Both G-10
and G-7 share the same continuous filament glass cloth construc-
tion but are impregnated with epoxy and silicone resins, respec-
tively. The inlet plenum housing is shaped to ensure uniform jet
velocity through all nozzles. The incoming fluid flow is split into
two parts and each enters the module through two ports located
on either side of the jet plate, at an angle perpendicular to the
impingement direction. A cover plate closes the inlet plenum atop.
The jet plate is held between the inlet and outlet plenum housings,
with its bottom surface maintaining a fixed confinement height
(which is also the jet height) of H = 4.724 mm. The impinge-
ment area is confined between the flat bottom surface of the jet
plate and the heater surface. The test module’s two outlet plenums
provide symmetrical exit of the spent fluid on either side of the
impingement area. The heater block is pressed against the heater
block housing using a bottom plate, which has small holes to en-
able electrical connections for the cartridge heaters. The only hous-
ing layer that changes between different module configurations is
this heater block housing; the three different ones are shown in
Fig. 4(b). A glass wool filled gap between the sides of the heater
block and its housing helps both minimize heat loss to the ambi-
ent and reduce thermal stresses at high temperatures. Calculations
prove heat losses are indeed negligible (within 1.49% of electrical
power input).

The entire housing is held in place with stainless-steel sup-
port braces at the top and bottom, and threaded rods that run the
height of the module. To prevent fluid leaks, all solid-solid con-



V.S. Devahdhanush and I. Mudawar

International Journal of Heat and Mass Transfer 169 (2021) 120857

Air-cooled
Modularw%abcooler Relief Condenser
:| Water Loop Valve
Plate-type Heat Modular Cooler é é /\/\/\N\/\/ é é
Exchanger v —] Z Z Z
Filter Water -
Loop ! S — ) S m—
Liquid : i Fan
Internal Reservoir Level i 1
Gear Indicator ! \
Pumps ! _"
i Solid-state
- i Controller
Variable Control Valve vy D Relief
Frequency 8 (C,=1.8) ®H -® Valve
Drives
8 O -
Jet Imp|ngement 4“
Turbine Flow Meters Module Power Auto-
Meter Transformer

(@)

Electrical and Electronic

Control Systems T s

Gear Pump
Assemblies

Data Acquisition System
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(b)

tacts within the module are provided with Buna-N O-rings coated
with silicone grease. Care is taken to apply equal torque to all nuts
of the threaded rods so that all the O-rings are uniformly com-
pressed. Electrical power is supplied to the test module’s cartridge
heaters from a 0-230 VAC autotransformer.

2.3. Instrumentation and Measurement Accuracy

The inlet and outlet plenums of the test module each con-
tains threaded ports for a thermocouple and a pressure transducer
junction. Sheathed and grounded type-E Omega thermocouples are
used to monitor and measure the fluid temperatures in the inlet
and outlet plenums, substrate temperatures in the heater block,

Test Module and
Instrumentation Rack

Liquid Reservoir

/ System (behind)

Modulr
Subcooler

Jet Impingement
Module

and multiple locations along the flow loop. This thermocouple type
is chosen for having the highest Seebeck coefficient and accuracy
of all thermocouple types. Pressures in each combination of in-
let and outlet plenums are measured with the aid of an Omega
MMA absolute pressure transducer and a Honeywell THE differen-
tial pressure transducer. Pressures at multiple locations along the
loop are monitored using both absolute pressure transducers and
analog pressure gauges.

To improve the accuracy of the temperature measurements, all
the type-E thermocouples used in the facility are calibrated over a
range of -20 to 80°C using a standard platinum Resistance Temper-
ature Detector (Omega Pt 100 1/10 DIN RTD) in a Neslab RTE-220
temperature controlled thermal bath [54]. Deionized water and a
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Fig. 3. (a) Exploded 3D CAD view of jet impingement module showing individual components (with Large heating block). (b) 3D CAD view of assembled module.

50-50% vol. ethylene glycol-water mixture are used as bath flu-
ids above and below 7.5°C, respectively. During the calibration, the
thermocouples and RTD are immersed with their tips close to each
other near the middle of the bath and readings taken in 2.5°C
intervals after steady state conditions were reached. Temperature
readings of the RTD are obtained from their resistance outputs us-

ing the European curve (ITS-90, o = 0.00385 £2/€2/°C). Thermo-
couple and RTD temperatures are finally correlated against each
other using 4th-order polynomials. This procedure resulted in all
the thermocouples calibrated to within 40.1°C.

Volumetric flow rate is measured by one of the two turbine
flow meters. The voltage, current, and power input to the cartridge
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Fig. 4. (a) Photographs of different heater blocks assembled with cartridge heaters, and (b) corresponding module housings indicating thermocouple ports. A United States

dime is included as a size reference.

heaters are measured using a Yokogawa WT310 power meter. Lig-
uid level in the reservoir is monitored using a Gems XT-800 float-
type sensor. Electronic signals from all the sensors are collected
with the aid of an FET multiplexer and measured by an integrating
voltmeter of an HP data acquisition system. The measured read-
ings are monitored and recorded on a computer using LabVIEW
software. Efforts are taken to suppress electrical noise in the ana-
log electronic signals using a combination of line reactors, toroidal
inductors, and specialized VFD cables.

Maximum uncertainties in the measurements of temperature,
absolute pressure, differential pressure, volume flow rate, and heat
input are +0.1°C, £0.1%, +£0.1%, £0.15%, and +1.49%, respectively.
By considering a conservative 1% uncertainty in length measure-
ments, the maximum uncertainty in heat flux is determined to be
+2.05%. The maximum uncertainty in q"cyr is determined to be
+4.35%, which is comprised of both heat flux measurement uncer-
tainty and CHF isolation error (see section 2.4).

2.4. Operating Procedure

A summary of the geometrical parameters and operating con-
ditions parameters of the study is provided in Table 1. Prior to a

day’s testing, the electrical and electronic control systems as well
as the data acquisition system are turned on. All valves in the flow
loop are then opened, and both the modular coolers and the con-
denser are turned on. The PID controller is set to a particular sat-
uration pressure and the system allowed to reach a steady state.
This brings the module’s inlet subcooling to the desired value for a
constant inlet temperature. Based on the flow rate for a given test,
one combination of gear pump and turbine flow meter are selected
and valves leading to the other combination are closed. The pump
is started and set to a particular flow rate. Power is supplied to
the module’s cartridge heaters by adjusting the autotransformer in
a stepwise fashion. Heat flux increments are coarse at the begin-
ning, around 4 - 8 and 8 - 16 W/cm? for the single-jet and jet
array configurations, respectively. The increments are reduced to a
maximum of ~5 W/cm? close to CHF for the higher CHF cases, and
even smaller increments for the lower CHF cases. Steady state con-
ditions are achieved for each heat flux increment and all relevant
data recorded. The module is rigidly mounted away from poten-
tial sources of vibration to preclude influencing the fluid flow in-
side the module or inducing CHF prematurely. CHF occurrence is
verified by an unsteady rise in the heater block’s temperature fol-
lowing a heat flux increment. This rise takes place in one of two
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Fig. 5. Sectional views of nozzles and and heated surface illustrating procedure for determining average surface temperature for a 3 x 3 jet array impinging on the Large
surface: (a) sectional view of jet plate, (b) top view of the jet plate, (c) top view of heated surface, (d) sectional view of jets and heating block, and (e) thermocouple

measurements used to determine dverage surface temperature.

Table 1
Summary of experimental parameters.

Varied parameters
Number of jets, N
Diameter of nozzle, D,
Heated surface area, Ag
Jet nozzle velocity, U,
PID set pressure

Heat flux, q"

Fixed parameters

Jet Height, H

1,3 x3,6x6
0.40, 0.79, 2.06 mm

0 - 100% q"(HF

4.724 mm

25.4 x 25.4 mm? (Large),12.7 x 12.7 mm? (Medium),4.23 x 4.23 mm? (Small)
0.5, 1 - 10 m/s (in increments of 1 m/s)
88.2, 99.4, 111.7 psia(608,118, 685,339, and 770,144 Pa with Ty, of 22.0, 26.0, and 30.0°C, respectively)

forms: (i) a sudden sharp increase or (ii) a mild never-ceasing tem-
perature increase; details of both are discussed later in section 3.6.
CHF is calculated as the average of heat flux causing CHF initia-
tion and the preceding heat flux, which brings maximum error in
CHF detection to ~2.5 W/cm?, with error for majority of the cases
~1%. All other measured parameters correspond to the steady state
heat flux setting preceding CHF. To prevent permanent damage to
the module, power input to the cartridge heaters is disconnected
shortly after CHF is detected or once the heater block exceeds
150°C; the latter was mainly observed in the 6 x 6 jet array tests
involving higher saturation pressures and jet velocities. Eventually,
the heater block is allowed to cool down and the process repeated
for another set of operating conditions.

After all desired operating conditions for a given module con-
figuration are completed, the module is reassembled with different
components and a clean heat transfer surface, and the operating
procedure repeated. It should be noted that certain combinations
of parameters in Table 1 could not be tested because of limitations
of the test facility.

2.5. Data Processing

After reaching steady state for each test case, at least 150 s
of recorded data is averaged to obtain a steady state datapoint.
Fig. 5 includes schematic diagrams illustrating the data reduction
procedure for a 3 x 3 jet array impinging on the Large surface for
example; other configurations are tackled in a similar manner. As
illustrated in Figs. 5(b) and 5(c), the entire heated surface can be
divided into equal square jet cells of side length L.. The jet plate
contains nozzles of orifice diameter D, separated from one an-
other by the same length. As shown in Fig. 5(d), all heater block
thermocouples are mounted in the same plane at a distance of
Hic = 6.35 mm below the impingement surface. These local tem-
perature measurements, Ty, are first translated into temperatures
on the impingement surface, Ts,. A study by Wadsworth and Mu-
dawar [53] analyzed this problem for a jet impingement heater
block and determined a basic one-dimensional heat conduction
model was adequate. With a constant heat flux from the bottom
and perfect insulation on the sides, this is achieved according to
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Table 2

Summary of key parameters of CHF datapoints.
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Critical heat flux, q"cyr

Inlet plenum pressure, P;,
Saturation (outlet) pressure, Pgq
Saturation temperature, Tsqr
Inlet temperature, T;,

Inlet subcooling, ATy in
Average surface temperature, Ts
Outlet temperature, Toy

Mass flow rate, m

Volumetric flow rate, Q,

Jet nozzle velocity, U,

16.88 - 222.84 W/cm?

612,731 - 870,152 Pa(88.87 - 126.20 psia)
612,202 - 837,410 Pa(88.79 - 121.46 psia)
2223 - 32.94°C

17.20 - 25.03°C

1.50 - 13.03°C

36.45 - 128.20°C

21.86 - 30.76°C

7.057x10~4 - 0.179 kg/s

5.75%107 - 1.46x10~% m3/s(0.009 - 2.314 gal/min)
0.498 - 10.076 m/s

Inlet quality, X, -0.112 - -0.012
Outlet quality, Xeour -0.077 - 0.846
the relation A B
q"Hye q"cue = 218.64 W/cm?
Tsz = th.z - T’ (2) & ..‘.O (Xeom = -0.019)
S 1 o e,out = .

. - 5 200} N .
where ks is the thermal conductivity of the heater block. The E ! @& Onsetof Nucleate Boiling
average surface temperature, Ts, is then determined by an area = : ./ Degradation (ONBD)
weighted averaging the local surface values, [S) / /

s 150 [ j 1
Y AT, 5 N!;nglgate 4 3 x 3 Jet Array; Large Surface
L ==""°%2 (3) i oiling ! |p = 2.06mm
* As b regime 7ol 4.01 +0.00 m/s
S - 'n = N + 0.

. . . B b4 = 0.1476 = 0.0002 kg/
where A; is as the area of an evenly-divided square unit cell cen- L 00} d ’;’sat z O Rn0.oate ks
tered where T, is determined. For the Large surface, with three lo- = o = 108.96 +0.07 psia
cal temperature measurements, an illustration of the area-weights = S'r:‘g'e' ‘/ ;-—S?’ = gg‘ljfg‘ggeg

. . . in = . =V. 4
for each local temperature is shown in Fig. 5(e). For example, the 50 - r‘;g?;i pl ATypin = 9.00+0.20°C i
central region (shaded in blue) is dominated by Ty; (shown in - W Xein = 00750002 1
blue). The average surface temperature for this surface reduces /./ — Onset of Nucleate Boiling (ONB)
dOWl’ltngz(TS1+7T32+TS3)/9. 0 P R BT BT SR | P IR RS
All thermophysical properties of R-134a are obtained from NIST- 10 0 10 20 30 40 50 60 70

REFPROP [55]. The saturation pressure used to calculate all sat-
uration properties is the measured outlet plenum pressure, ie.,
Psat = Poyr [22,39]. This is justified by the much smaller pressure
drop between the impingement area to outlet compared to that
between the inlet and outlet plenums [39]. The outlet fluid en-
thalpy is determined by an energy balance for the impingement
area,

q"As

T

(4)

where m is the total mass flow rate of R-134a. Thermodynamic
equilibrium qualities at the inlet and outlet are calculated as

h—hy

— , 5

iy (5)
where h = h;, or hyy, and both hf and hfg are based on Pgy. In-
let subcooling is determined as ATy, iy = Tsar — Tjp. Key parameter
ranges corresponding to CHF datapoints for all tested configura-
tions of the study are provided in Table 2. It is to be noted that
these values represent all tested module configurations.

hout = hin +

Xe

3. Experimental Results and Discussion
3.1. Jet Impingement Boiling Curve

Fig. 6 shows a representative boiling curve for the 3 x 3 jet
array impinging on the Large surface and indicated set of operat-
ing conditions. The fluid is injected from the nozzles in subcooled
state and only gains sensible heat for heat fluxes corresponding
to the single-phase liquid cooling regime, characterized by a con-
stant heat transfer coefficient and therefore constant slope. This
regime is terminated at the Onset of Nucleate Boiling (ONB), once
liquid in the wall layers emanating from the impingement zones
acquire sufficient superheat to allow bubbles to begin nucleating

10

Average Surface Superheat, AT,,;= T, - T, [°C]

Fig. 6. Representative confined jet impingement boiling curve indicating different
heat transfer regimes and transition points.

on the heated surface; this is also where the boiling curve incurs
an appreciable increase in slope. The temperature corresponding to
ONB, T;ong, is about 10.5°C higher than Ts. In the nucleate boil-
ing regime, increases in heat flux produce much smaller increases
in surface temperature compared to the single-phase regime as the
heated wall energy is increasing being dissipated by the coolant’s
latent than sensible heat [56]. Overall shape of the boiling curve at
the lower region of nucleate boiling is similar to that seen in lit-
erature for other fluids [39,57]. However, there is pronounced de-
cline in slope in the upper region at the point of Onset of Nucleate
Boiling Degradation (ONBD) occurring over a sizeable fraction of
the nucleate boiling heat flux range starting at 141.22 W/cm?; this
degradation is attributed to coalescence of bubbles into larger va-
por masses. In pool boiling and many flow boiling situations, this
point is much closer to the CHF point. But in jet impingement,
with the liquid jet introduced directly onto the heated surface, lig-
uid is better able to continue breaking through the vapor masses
and contact the surface, thereby delaying CHF occurrence, albeit
at the cost of increasing surface temperature. The effectiveness of
this contact varies with operating conditions, and CHF has been
observed in prior studies to occur at portions of the surface not
directly impacted by the jets [39]. Overall, the broad extent of the
upper region of nucleate boiling is attributed to the ability of the
fast moving wall layers emanating from the impingement zones
to provide continued liquid access to the surface, yielding much
higher CHF values than with pool boiling [58,59]. As indicated in
Fig. 6, CHF is detected as an uncontrollable increase in surface tem-
perature, occurring at 218.64 W/cm?2.
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Fig. 7. Variations of CHF and corresponding thermodynamic equilibrium exit qual-
ity with jet nozzle velocity for nozzle diameters of D, = 0.40, 0.79, and 2.06 mm.

It should be noted that the extended degradation region pre-
ceding CHF has also been observed in prior PU-BTPFL jet impinge-
ment studies [21,22,27,39,60]. The present boiling curves are also
similar in shape to those measured by Copeland [61]. Some other
works of jet impingement [62]| have provided similar interpreta-
tions of ONBD and CHF.

However, different interpretations have been used in regards to
which point of the boiling curve represents true CHF. For instance,
while not always explicitly in publications, Katto’s team identified
the heat flux corresponding to ONBD as CHF (this is based on pri-
vate communication between one of the present authors and Prof.
Y. Katto around 1995). Browne et al. [63] and Shin et al. [64] also
appear to terminate their boiling curves at ONBD, which they de-
fined as point of temperature excursion, perhaps to protect their
heaters against physical burnout should the actual CHF point be
reached. Similarly, Nakayama et al. [65] defined CHF as the con-
dition in which a rapid local temperature rise was observed, but
their boiling curves depict a coincidence of ONBD and CHF.

Overall, it must be pointed out that distinguishing ONBD from
CHF in the manner depicted in Fig. 6 is of paramount importance
to jet impingement given the large heat flux extent between the
two points.
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ity with total mass flow rate for nozzle diameters of D, = 0.40, 0.79, and 2.06 mm.

3.2. Effects of Jet Velocity

Fig. 7 shows variations of CHF and the corresponding thermo-
dynamic equilibrium exit quality, Xeour, With jet velocity, Uy, for
nozzle diameters of D, = 0.40, 0.79, and 2.06 mm. CHF is shown
increasing monotonically with increasing U, (excepting in a non-
linear fashion). The velocity effect on CHF appears stronger in the
lower velocity range. Although prior studies (e.g, [39]) have re-
ported a decrease in CHF with increasing velocity above a cer-
tain velocity value, this was only observed in the present study at
Un = 4.87 m/s and D, = 2.06 mm, Fig. 7, which should not be in-
terpreted as a generalized trend. Overall, the increase in CHF with
increasing Dy for a fixed U, is easily attributed to the increase in
coolant flow rate, while the increase with increasing U, for a fixed
Dy, is closely associated with better ability of a faster moving wall
layer fluid to break through coalescent vapor masses and maintain
liquid access to the surface.

Knowledge of the thermodynamic equilibrium exit quality is
important to understanding the fluid state along the heated sur-
face, which can have appreciable impact on CHF mechanism. A
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Fig. 9. Variations of CHF and corresponding thermodynamic equilibrium exit quality with nozzle velocity for a single jet, 3 x 3 array and 6 x 6 array, with nozzle diameters

of (a) D, = 2.06 mm, and (b) D, = 0.40 mm.

negative value of Xy indicates a ‘subcooled CHF' mechanism and
a value between 0 and 1 ‘saturated CHF. With the inlet qual-
ity maintained fairly constant for all cases, higher values of Xeouc
amount to a large void fraction and vice versa. Figure 7 indicates
Xeour 1S very high at the lower jet velocities, reaching a value of
0.846 at 1 m/s for D, = 0.40 mm. This means a large amount of
vapor is present over the surface at lower velocities, and a larger
fraction of the coolant’s latent heat is utilized. The decrease in
Xeour With increasing D, for a fixed U, evident in Fig. 7 is directly
related to the increasing mass flow rate. Like the CHF trends, those
for Xeour are also not linear, with a sharper decrease in Xeour Ob-
served in the lower velocity range, and becoming fairly constant at
higher velocities. Notice that CHF is encountered in some operat-
ing conditions while the fluid is still in subcooled state, which is
indicated by negative X0y values. For instance, the case of U, = 5
m/s and D, = 2.06 mm is shown yielding a subcooled CHF with
Xe,ourt = -0.035. Such conditions point to the important role of con-
densation in the subcooled bulk fluid in helping collapse vapor
bubbles, allowing the fluid to exit in liquid state. Notice also that
these conditions yield the highest CHF values in Fig. 7. Overall, the
combination of high CHF and pure liquid at the module outlet is
very desirable for thermal management system operation not only
in terms of superior cooling performance but also ability to utilize
a simple single-phase liquid cooling loop rather than a two-phase
loop [22].

12

3.3. Effects of Jet Diameter

In addition to addressing the effects of jet velocity, Fig. 7 pro-
vided useful information concerning effects of nozzle diameter as
well. Increasing D;, for a fixed jet velocity has implications of (i) in-
creasing the flow rate, (ii) producing a larger stagnation region, and
(iii) increasing the jet’s ability to spread more uniformly within its
cell. By increasing D;, from 0.40 to 2.06 mm, the same figure shows
CHF is increased by factors of 5.32 and 3.14 for jet velocities of
0.5 and 4 m/s, respectively. This shows D, has a stronger effect on
CHF for slower jets. The same figure shows X,y decreases with
increasing D, over the entire velocity range, with the strongest in-
fluence seen at lower velocities. For smaller diameters, X oy de-
creases by a large amount with increasing U, when compared to
larger diameters. For diameters of 0.40 and 2.06 mm, Xeou de-
creases by 0.385 and 0.151 for an increase in U, from 0.5 to 4 m/s,
respectively.

A more insightful way of presenting the same data is show vari-
ations of CHF and X,y against mass flow rate and also volumetric
flow rate. As shown in Fig. 8, CHF generally increases with increas-
ing flow rate. For a particular jet array and moderate flow rate, CHF
is slightly higher for smaller D, because of higher U,. This high-
lights a stronger dependence of CHF on U, than on flow rate. But
it should also be mentioned that pressure drop increased almost
proportionally to the square of the velocity. This means that, for a
particular flow rate, pumping power is much higher for smaller D,
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even though they yield slightly higher CHF. Figure 8 also shows, as
expected, X oyr decreases monotonically with increasing flow rate
and this decrease is more pronounced for smaller flow rates.

3.4. Single Jet versus Jet Arrays

Figure 9 shows variations of CHF and Xy with U, for a sin-
gle jet and 3 x 3 and 6 x 6 jet arrays. The results are shown for
two different jet diameters, D, = 2.06 and 0.40 mm, in Figs. 9(a)
and 9(b), respectively. For D, = 2.06 mm, Fig. 9(a) shows both ar-
rays yield better CHF values than those for the single jet. This ad-
vantage of the arrays is attributed to both abundant liquid supply
for a fixed U, as well as more uniform introduction of liquid onto
the heated surface. For instance, at U, = 3 m/s, CHF increases by
57.39% with the 3 x 3 array compared to that for the single jet.
However, this advantage comes at the price of an eight-fold in-
crease in flow rate, which has serious implications as far as size
of the external fluid handling loop is concerned. Because of the
increase in flow rate, Fig. 9(a) also shows X,y decreasing with in-
creasing U,, and more so with increasing jet number.

For the smaller diameter, D, = 0.40 mm, Fig. 9(b) shows sep-
aration between CHF curves for 3 x 3 and 6 x 6 arrays remains
fairly constant for all jet velocities, meaning the percentage aug-
mentation in CHF is higher at lower velocities. For example, com-
pared to the 3 x 3 array, the 6 x 6 array provides 185.20% and
45.88% CHF improvements for jet velocities of 1 and 8 m/s, re-
spectively. But, here too, this improvement comes at the cost of
a three-fold increase in flow rate.

Overall, Figs. 9(a) and 9(b) prove the CHF improvement with in-
creasing jet number is more pronounced for the smaller jet diam-
eter and lower velocities. This might be attributed to the fact that,
because of a smaller spread of the wall jets for smaller diameters
and lower velocities, more jets are needed to cover and effectively
cool the entire surface.

Plotting the cases from Fig. 9(a) against total mass flow rate
and volumetric flow rate provided added insight into overall cool-
ing system implications, especially pumping requirements. Shown
in Fig. 10, a decrease in jet number for a given flow rate enhances
CHF. This implies that for situations involving stringent flow rate
limits, a single jet provides better CHF performance than jet arrays
having the same Dj,. This advantage can be explained by the single
jet acquiring much higher U, for the same flow rate, thereby help-
ing the wall jet to maintain better contact with the surface and for
a longer distance from the impingement zone. For example, for the
same mass flow rate of 0.073 kg/s, the 3 x 3 array yields 52.38%
higher CHF value than the 6 x 6 array. This does prove that jet
velocity has a stronger influence on CHF than total flow rate. But,
as indicated earlier, the increase in Uy, also leads to appreciable in-
creases in pressure drop and pumping power.

3.5. Effects of System Saturation Pressure

Most prior jet impingement works [21,22,39] investigated the
effects of inlet subcooling on CHF for different fluids (e.g, wa-
ter and FC-72) at a constant saturation pressure. Systems utilizing
these fluids are often operated at fixed pressures slightly higher
than atmospheric. This means inlet subcooling can be easily ad-
justed by controlling fluid inlet temperature alone. For reference,
Tsqr values for water and FC-72 at atmospheric pressure are 99.98
and 56.56°C, respectively, and CHF for these fluids has been shown
to improve appreciably by increasing inlet subcooling [22,24,39].
However, low-boiling-point fluids like R-134a pose a crucial chal-
lenge when used in pumped loops (as opposed to vapor compres-
sion systems). For R-134a, saturation temperatures corresponding
to 100,000 Pa (14.50 psia) and 600,000 Pa (87.02 psia) are -26.36
and 21.57°C, respectively. Therefore, at room temperature, fluid in

13

International Journal of Heat and Mass Transfer 169 (2021) 120857

250
&
5
= 200 [ 1
=
w
I
_0
% 150 | ]
X
=)
(T
qt-vl 100 B T
L) N1
©
-2 50 —O— Single Jet
= —o— 3 x 3 Jet Array
o —/— 6 x 6 Jet Array
0 f f f f
[ Large Surface 1
0.9 D, = 2.06 mm
£ 08 Psx = 789967 + 18516 Pa| ]
g ) = 114.57 + 2.69 psia
S 5 07Ff T, = 19.99 +0.60°C ]
= 9 ATgpin = 10.89 £0.92°C
3 06} Xein = -0.092 +0.008 ]
m -~
o= 05f ]
€S o4f |
e
_g--'i 0.3
gt o2t ]
b
2 oaf 1
[
O n .
0.1 & ‘ ‘
0 0.05 0.1 0.15
Mass Flow Rate, m [kg/s]
0 0.422 0.845 1.267

Volumetric Flow Rate, Q, x10* [m%/s]

Fig. 10. Variations of CHF and corresponding thermodynamic equilibrium exit qual-
ity with total mass flow rate for a single jet, 3 x 3 array and 6 x 6 array with
D, = 2.06 mm.

the system is already at saturated state with a high system pres-
sure. In this situation, subcooled conditions at the inlet to the test
module can be achieved by either decreasing the inlet pressure or
increasing the system pressure. As discussed in Section 2.1, a lig-
uid reservoir system is required to adjust the system’s ‘stiffness’ in
order to avoid flow loop instabilities [66]. This component system
is also used to set the system saturation pressure while inlet pres-
sure is regulated by the pump and main control valve in order to
vary the inlet subcooling. A somewhat similar technique was em-
ployed by Vader et al. [58] for liquid nitrogen jets, where a non-
condensable gas - helium - was mixed in the fluid to increase sat-
uration pressure. It should be noted that controlling the subcooling
by adjusting the saturation and inlet pressures using the present
pumped loop system eliminates the need for a separate refrigera-
tion system to chill the fluid below room temperature before enter-
ing the module. Incorporating a refrigerated chiller would greatly
increase size, weight and cost of the thermal management system
[58].

Variations of CHF and x.o, with U, for different saturation
pressures, and therefore different subcoolings, are shown for a sin-
gle jet with D, = 2.06 mm and 3 x 3 jet array with D, = 0.40
mm in Figs. 11(a) and 11(b), respectively. Both configurations show
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Fig. 11. Variations of CHF and corresponding thermodynamic equilibrium exit quality with nozzle velocity for different saturation pressures for (a) a single jet with D, = 2.06

mm, and (b) 3 x 3 array with D, = 0.40 mm.

minimal effects of Psq; on CHF when compared to the other param-
eters tested. For the single jet, CHF increased fairly linearly with
increasing Uy, with higher saturation pressures providing some im-
provement by virtue of the higher inlet subcooling. For the 3 x 3
jet array, on the other hand, better CHF improvement is realized at
higher jet velocities; but here too increasing saturation pressure
(also inlet subcooling) provides some improvement. Overall, the
CHF improvements resulting from the increased saturation pres-
sure is limited by the relatively limited increase in inlet subcooling.
For example, for the 3 x 3 array with D, = 0.40 mm and U, = 10
m/s, increasing the saturation pressure from 620.7 to 777.4 kPa
increases the inlet subcooling by only 7.60°C, which explains the
rather modest increase in CHF of 19.26%.

Figures 11(a) and 11(b) show no appreciable differences in Xe out
among the different saturation pressures. As Py is increased with
a fixed inlet temperature, the corresponding saturation tempera-
ture increases, meaning that the fluid needs to gain more sensible
heat to reach saturation conditions. This is manifest in experiments
as a higher steady state surface temperature for a particular heat
flux, leading to obvious differences in the nucleate boiling region
of the boiling curve [58].

3.6. Temporal CHF Trends

All studies in jet impingement literature define CHF as the point
where a surface temperature excursion is observed, albeit the de-
tails vary as discussed in Section 3.1. This section further clari-
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fies this issue using temporal records of select CHF cases. Over the
course of many test cases, two significantly different types of CHF
were encountered: a sudden sharp CHF excursion and a mild pro-
longed CHF excursion. The former was generally noticed at lower
flow rates and the latter at higher flow rates, with other jet pa-
rameters such as jet diameter, number, and velocity not seeming
to influence the excursion type.

Both types fall under the fundamental depiction of CHF as an
uncontrollable (unsteady) increase in surface temperature follow-
ing a small increase in heat flux. One example of each type is
shown in Fig. 12 in the form of temporal records of the thermo-
couples embedded in the heating block. The case to the left corre-
sponds to a relatively low mass flow rate of 0.0028 kg/s and the
one on the right to a 15.5-fold higher mass flow rate of 0.0434
kg/s. For both cases, t = 0 s corresponds to the last steady state
boiling condition preceding CHF. At this instant, heat flux for both
cases is increased by around 4.5 W/cm?. The system responds to
this increase with a corresponding increase in the heater block
temperature. For both cases, the temperature increase appears to
subside around 300 s but continue to rise thereafter.

Temperatures in the case to the left increased gradually until
around 1000 s before rising very sharply, prompting the operator
to quickly turn off electrical power input to the cartridge heaters
to safeguard the module. This kind of sharp excursion is exception-
ally dangerous as the heater block temperature can reach danger-
ous highs of a few hundred °C in a few seconds if unchecked. The
time at which the excursion began to escalate varied from case to
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Fig. 12. Temporal thermocouple records indicating two types of CHF: a sudden sharp CHF at lower flow rates (left), and a mild prolonged CHF at higher flow rates (right).

case and, in a few cases, occurred immediately after incrementing
the heat flux. Overall, this type of excursion provides an unques-
tionable measurement of true value of q"cyp.

On the other hand, temperatures in the case to the right of
Fig. 12, which correspond to the higher flow rate, do not exhibit
a sharp excursion but rather a mild never-ceasing temperature in-
crease. With no tendency to attain steady state, the heat flux is
eventually set to zero. Validity of CHF detection for the slow ex-
cursion was validated in initial tests where temperatures were al-
lowed to continue the gradual increase for a couple of hours.

The differences in CHF type can be directly attributed to two-
phase flow structure within the confinement space above the heat-
ing surface. Although the different geometrical configurations con-
sidered in this study are shown to influence CHF to various de-
grees, the confinement height, H, is kept the same. This is a design
decision based on findings from previous studies which showed H
has virtually no effect except for very small heights [22,38,39,67].
In the present tests, all the fluid impinging on the surface is di-
verted in two opposite directions to the outlet plenums. With the
plenum width being constant, the total rectangular flow area (H x
plenum width) on either side remains the same for all the tests.
This means the average velocity of fluid exiting the two opposite
outer edges of the heated surface would increase with increasing
mass flow rate. At lower mass flow rates, the exit velocity is small
and both exit quality and exit void fraction are large. Therefore,
at CHF, vapor is able to coalesce into relatively large masses that
effectively insulate the heating surface, causing most of the heat
from the cartridge heaters to be dissipated within the copper heat-
ing block, and resulting in sharp temperature escalation.

On the other hand, at high mass flow rates, the exit velocity
is high and both the exit quality and exit void fraction are small.
With an abundance of liquid flow, aided by better ability of the
wall jets to break through coalescent vapor masses along the sur-
face, there is only limited escalation in surface temperature at CHF.

3.7. Heated Surface Patterns of Arrays

Complex 3D design of the jet impingement module precludes
direct optical access to the impingement zones or flow within the
confinement region. However, clear local burnout-related patterns
were observed along the heating surface after reaching CHF, and
these patterns provided valuable insight into the complex inter-
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actions among jets when using jet arrays. Similar burnout/fouling
patterns were reported by Monde et al. [36] for free-surface wa-
ter jet arrays following CHF. They reported a whitening of the sur-
face away from the jet centers, which they attributed to overheat-
ing/burnout in those locations and a consequent fouling caused by
film boiling.

Figure 13(a) shows photographs of the heated surface in the
present study before and after experiments, with the outlet
plenum and the jet plate all scaled in size. With a plan to con-
duct numerous experimental test cases, it was necessary to retain
the integrity of the jet impingement module and to prevent un-
necessary leaks between the many layers shown in Fig. 3. Prior to
testing any module configuration, the heated surface is thoroughly
cleaned with a combination of isopropanol and acetone to elim-
inate any contaminants or traces of burnout from previous tests.
For every module configuration, testing is performed for differ-
ent jet nozzle velocities, different system saturation pressures, and
heat fluxes from zero to CHF. The module is opened afterwards
and different burnout patterns are carefully examined. The burnout
pattern in Fig. 13(a) is for a 6 x 6 jet array with D, = 0.40 mm im-
pinging on the Large heated surface. Notice how regions incurring
higher surface temperatures are much darker that those directly
beneath the jets. Figure 13(b) provides an enlarged image of the
same, allowing closer inspection of the different surface regions.
The geometrical centers of the jet plate nozzles are marked each
with an ‘X’ ‘for reference. Aside from the localized darkening of
higher temperature regions, it is clear that the lighter and darker
regions are associated with high fluid shear and low shear, respec-
tively. Notice how the light, high shear regions are present mostly
within the impingement zone while dark, low shear regions re-
side where wall jets emanating from neighboring jets collide and
the fluid stagnates. It is clear in Fig. 13(b) that the surface pat-
terns associated with the four central jets are almost perfectly cir-
cular and symmetrical around the nozzle centerline, meaning that
those jets incur very limited interference from one another. After
impingement, the bulk fluid moves mostly in two directions (left
and right) towards the outlet plenums. This causes wall jets of the
inner impinging jets to push the other outlying jets outwards in
the direction of the bulk fluid flow. This behavior is depicted in
Fig. 13(a) in which the outer jets appear inclined away from the
respective nozzles’ geometrical centers and with oval impingement
regions, albeit remaining symmetrical with respect to the vertical
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Fig. 13. (a) Photographs of Large surface before and after CHF experiments. (b) Interpretations of key fluid flow and burnout features.

as well as horizontal centerlines of the heated surface. It should be
noted that the lighter regions are not entirely due to direct fluid
impingement but are the result of fast-moving portions of the wall
jets.

Figure 14 shows surface patterns for 3 x 3 and 6 x 6 arrays
captured following a series of CHF experiments. Indicated below
each are detailed values for each set of tests in terms of ranges of
jet velocity, heat flux, and corresponding surface temperature, as
well as number of steady-state single-phase and nucleate boiling
data points, ngs, and number of CHF data points, ncyr, before the
module was disassembled and surface pattern photographed.

Comparing the 3 x 3 array surface patterns for D, = 0.40 to
those for D, = 0.79 mm, which correspond to fairly equal jet veloc-
ity ranges, shows a much darker surface for the latter, apparently
because of higher ranges of both heat flux and surface tempera-
ture for the latter. And for the 6 x 6 array, surface patterns for
Dy, = 2.06 mm are quite faded compared to those for D, = 0.79
mm, which may be attributed to smaller ranges of both heat flux
and surface temperature and possibly smaller number of CHF tests
for the latter. Another notable observation is the dark spots at jet
centers for the 6 x 6 array with D, = 0.79 mm, which correspond
to central low-shear portions of the impingement zones (stagna-
tion zone CHF). Overall, both the 3 x 3 and 6 x 6 arrays show
distinct lines of demarcation between jet cells, which correspond
to collision fronts between wall jets.
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4. Development of CHF Correlation
4.1. Correlation Method

A correlation is developed as a predictive tool for CHF for con-
fined round single jets and jet arrays over a fairly broad range of
operating conditions. The database used to construct the correla-
tion is comprised of (i) R-134a data collected from experiments
conducted in the present study and (ii) previous PU-BTPFL FC-72
database, including those published by Johns and Mudawar for sin-
gle jets [22] and unpublished jet array data [52]. Combination of
these specific data sets is intended to provide a new design tool
for fluids commonly used to cool electronic, power and aerospace
devices, rather than a universal tool for all fluid types. Table 3 pro-
vides a brief summary of the compiled database upon which the
correlation is constructed along with ranges of all relevant param-
eters.

Based on a comprehensive review of prior jet impingement cor-
relations, a complete list of dimensionless parameters is compiled,
which is presented in Table 4. One reference is given for each term
as an example. These terms correspond to correlations for both a
single jet and jet arrays, round and slot jets, circular and rectan-
gular heating surfaces, and free surface, submerged, and confined
jet configurations. Correlations are typically a product of some of
these terms raised to different powers. For confined round single
jets and jet arrays impinging on a square surface, the most com-
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Fig. 14. Post-CHF Large surface patterns for different jet impingement module configurations.

Table 3

Correlation database information with parameters needed to formulate the correlation.

Present Study

Johns and Mudawar’s single jets [22] and jet arrays [52]

Number of datapoints, n 152
Fluid R-134a
Number of jets, N 1,3 x3,6x6

Diameter of nozzle, D,
Heated area, A

0.40, 0.79, 2.06 mm
25.4 x 25.4 mm?

Jet Height, H 4,724 mm
Jet nozzle velocity, U, 0.50 - 10.08 m/s
Inlet subcooling, AT in 1.50 - 13.03°C

Saturation (outlet) pressure, Psq
Critical heat flux, q"cyr
Ts at CHF

16.88 - 222.84 W/cm?
36.45 - 128.20°C

612,202 - 837,410 Pa(88.79 - 121.46 psia)
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FC-72

1,2 x2,3 x3
0.40, 0.79, 2.06 mm
12.7 x 12.7, 6.35 x 6.35, 4.23 x 4.23 mm?
2.03 mm

0.125 - 6.0 m/s

10, 25, 40°C
124,106 Pa(18 psia)
20.2 - 254.6 W/cm?
68.1 - 114°C

prehensive functional form of the correlation is determined to be

NA, _ fh] Dy H | PfopPu
q" cur —fn N, [ A T Al T-D, Dy [pgoer-[ v (6)
,Oghngn o ATsubin o 2r8(Pr=Pg)D%  prUnDy
Py psUZ(L—Dn)’ 12 C Ty
where possible heating surface length scales are L=

{V2Le, Le, V2L, Ly}

‘Statistical inference’ techniques [68-70] are used in conjunc-
tion with fluid flow and heat transfer physics in the development
of this correlation. A multivariate analysis is done using JMP Pro
software to examine the influence of each dimensionless parame-
ter on dimensionless CHF, from which the most important param-
eters are identified. Hypothesis testing is a statistical analysis tech-
nique that uses an existing database to assess two mutually exclu-
sive theories about the properties of the data: null and alternative
hypotheses [69,70]. Null hypothesis states that there is absolutely
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no effect of one parameter on another; and alternative hypothesis
is the opposite of null hypothesis, meaning that there is a non-zero
effect of an independent parameter on a dependent parameter. The
usual practice is to consider the null as default unless the database
provides a significantly strong evidence that it can be rejected [69].
The strength of this evidence is specified by the ‘significance level’,
which is a fraction or percentage that signifies the risk of deciding
that an effect exists, when it does not. Numerous combinations of
dimensionless parameters are investigated so that the non-linear
regression in MATLAB software yields coefficients with a t-statistic
value of each dimensionless parameter much greater than 1 and a
corresponding p-value very close to 0. This means that the corre-
sponding parameter affects CHF and the null hypothesis is invali-
dated. The t-statistic is defined for each coefficient as the ratio of
the regression estimate to the standard error of the coefficient, and
is used to infer if a particular term does have significant influence
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Table 4
Dimensionless terms used in past jet impingement CHF correlations.
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Description Definition/Formulation
Dimensionless critical q;/f’" [24], qf”‘ [35] 5 ‘“”f - [45]
PehygUn
heat flux, g
Density ratio, % % [24], 1+ % (32, G+ G2 "f [37], 1n(/’f) [37]
Weber number, We oo [24) 25m 129], pjf,}’h [36], m 1331, 57 138) mpimwy 1390 pUz(L o 1411, :ru(%spgnn) [74]

(We~1 is typically shown in
correlations and is given here)

Subcooling effectiveness, &g, 1+ &g [24], where g, = fn('g’ Jar) [24]
Modified Jacob number, Ja*
Dimensionless geometrical
parameters

Number of jets, N

Reynolds number, Re

1+ 5 [33], 1+C(5)? [36], B

N [43], 1+ G N% [44]
PsUnDn
ool 45]

Archimedes number, Ar M [45]

Froude number, Fr [46]

!
Un
F r/xc = S

Other parameters [48]

C ,GDn

Cpf(TA:A‘ —Tin) [24], 1+ fpfA/Tmmn [39] l+csubﬁfcpfATsubm [39]
g
[37] 14 £ D; [4]]

L [41], ;B 341,

[22], 2 [45],

(39], DB [46], A, [43]

on the correlation model, meaning that the alternate hypothesis
is valid. The p-value (probability value) is the largest probability
that any other experiment will yield the same value as determined
from the current database, if the null hypothesis is true and the
chosen model is correct. A key rule of thumb is to reject the null
hypothesis when the p-value is less than or equal to 0.05, which is
equivalent to a 5% significance level for a parameter [68,71]. This
would also help identify correlation forms in which two or more
terms are interrelated or have a similar effect on CHF, and where
one can be neglected. The result of this analysis was the reduction
of the functional form in Eq. (6) to

9" cur
——— ) = fn{N,
(Pghfgun) !
(7)

Performing a non-linear regression on the entire functional
form in Eq. (7) can lead to non-physical coefficients because the
fitting is done by numerical means. To alleviate this concern, ex-
ponents of the density ratio and two modified Jakob number
terms are fixed at 2/3, 2/3, and 1/3, respectively, based on anal-
ysis done by Mudawar and Wadsworth [39] for a single two-
dimensional confined jet and adopted in other confined jet corre-

lations [21,22,43].

G 23 c
q”CHF _ o & / NA, 3
PghggUn psU3(V2Lc — Dy) Pg As

1/3

cp,fATsub,in) ! NGs

2/3
Cp FATqup i
(1 + C4ﬂ p.f sub,m) (l +
Pg hgg hgg

The non-linear regression is performed using a ‘bisquare ro-
bust weighting function’ with a tuning constant of 4.685 [72], and
the entire correlation model’s ‘F-statistic’ is made sure to be much
greater than 1 and the corresponding p-value very close to zero.
The F-statistic is used to test the overall statistical significance of
the correlation model, whether it would be the best fit for the
database [69]. In other words, the F-statistic indicates whether a
chosen correlation model better predicts CHF (dependent param-
eter) than a model that contains no independent parameters (i.e.,
with all regression coefficients equal to zero; a zero model). It is
noted that a t-statistic assesses a particular dimensionless term
whereas the F-statistic assesses the entire correlation model. It can
be seen in Table 3 that jet height is different between the R-134a
and FC-72 databases, yet it does not appear in Eq. (8) because,

NA;, Ps o
As " P’ pgUR (V2L — D)’

Cp,fATsub,in
hfg

(8)
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as mentioned earlier, of its weak effect on CHF for moderate jet
heights [22,38,39,67]. Geometrical effects of the jet on CHF are ac-
counted for in the ratio of the total area of all jet nozzles to the
heated surface area, A, = NAp/As, which is the same as the ratio of
a single jet area to the jet cell area, Ap/Ac. This parameter considers
the important effect of heated surface size, which governs where
potential dryout would occur. Dryout is typically observed in single
jet CHF experiments at the edges of the heated surface [22,27,73]
and in the wall jet interaction regions for jet arrays. For a partic-
ular set of operating conditions, CHF is higher for higher area ra-
tios because of shorter wall jets [22,52]. For a round jet impinging
on a square heated surface, CHF is expected at the four diagonal
corners, meaning that the characteristic length of the heated sur-
face with respect to the nozzle diameter is the diagonal length,
Lepar = v2Lc. Researchers have defined this to be distance from the
center of the jet to the farthest point within the unit jet cell for
complicated geometries [36]. An alternative half-diagonal length of
Lepar = v/2Lc/2 was used by Copeland [43] for similar geometries.
Jet interaction effects in jet array configurations are also accounted
for by the number of jets, N, where N = 1 for a single jet, which
is free from jet interactions. Weber number accounts for both the
fluid properties and characteristic length scale effects and is a mea-
sure of liquid-vapor interfacial instabilities. The density ratio term
accounts for both fluid type and saturation pressure. Finally, the
modified Jakob number terms tackle the subcooling effects [39].

4.2. New Correlation and its Performance

The resulting correlation is

0.277 2/3
aiie = (7i8:) =00 (arctay) (%) (8
<1 +0.0342 Cp.fATsub.i)Z 3<1 N CpfATsubl)l/BN—O.log’

Pg hg fg
(9)
which has an overall Mean Absolute Error (MAE) of 16.66 %, Root

Mean Square Error (RMSE) of 22.02 %, and an R-squared value of
0.991, where

)0.259

1 Z |q**CHF,pred - q**CHF‘expi
n

MAE (%) = — x 100 (10)
q**CHF.exp
and
l q** — q** 2
RMSE (%) = | ~ CHbpred 2 CHEE® |5 100. (11)
n Z |: q**CHF.exp
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Table 5

Important statistical information for the new correlation.
Coefficients  Estimate Std. Error  t-Statistic ~ p-Value
G 0.2702 0.0097 27.935 3.01x10-%7
G 0.2766 0.0018 149.84 7.31x10-2%
Cs 0.2589 0.0068 37.824 3.73x10-119
Cy 0.0338 0.0014 24.827 3.86x10°76
Cs -0.1091 0.0089 -12.294 1.22x10-%8
F-statistic (versus zero model)  9.48x103
Overall p-value of model 0
Mean Absolute Error, MAE 16.66%
Root Mean Square Error, RMSE ~ 22.02%
R-squared value 0.991
+30% prediction inliers, 6 84.06%
+50% prediction inliers, & 97.50%
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Fig. 15. Comparison of predictions of the new jet impingement CHF correlation
with the compiled experimental database.

Table 5 provides additional statistical information related to the
final correlation regression. It clearly shows that the magnitudes
of all t-statistic and F-statistic values are much greater than unity
and corresponding p-values much less than 0.05. All thermophysi-
cal properties are evaluated at the outlet plenum (saturation) pres-
sure.

Of all the correlation forms tested, Eq. (9) yielded the lowest
MAE. With an almost equal number of datapoints between the two
fluids and a decent scatter of datapoints over the entire ranges
of relevant parameters, a separate prediction performance test for
smaller blocks of the database is unwarranted. It is interesting to
note that the new correlation in Eq. (9) coincidentally ended up
being somewhat similar to that of Johns and Mudawar [22], which
was proposed for a single confined round jet of FC-72 impinging
onto a square surface. Their correlation was a simple adaptation
of Mudawar and Wadsworth’s [39] single slot jet correlation, but
with different empirical constants. The main improvements here
seem to be (i) usage of a characteristic heated length scale instead
of the heated surface side length, (ii) geometrical effects given by
the area ratio instead of a diameter based ratio, Dn/(L, — Dy), and
(iii) inclusion of number of jets. Eq. (9) also highlights CHF degra-
dation due to wall jet interactions in jet arrays (g, ~ N~%109),

Figure 15 shows the performance of the new correlation with
the compiled experimental database upon which it is constructed.
Reference lines are indicated for a perfect prediction, and +30% er-
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rors using a solid and dashed lines, respectively. Datapoints for the
two comprised fluids are denoted using different plot markers. The
performance of the correlation in predicting the experimental data
is assessed by different statistical parameters: MAE, RMSE and in-
liers 0, and &. MAE treats the absolute error from each datapoint
equally, whereas RMSE gives a higher weight to outliers. RMSE is
slightly higher than MAE but indicates that the correlation pre-
forms quite effectively for most of the database, and the MAE of
16.66% appears to be the result of deviations caused by very few
datapoints. Figure 15 shows 84.06% and 97.50% of datapoints fall
within +£30% (6 value) and £50% (£ value) of the measured values,
respectively. This further substantiates that the prediction perfor-
mance is good for the majority of the database. It is also evident
that both fluids perform evenly over all three orders of magni-
tude of dimensionless CHF. Between the two, R-134a shows smaller
scatter than FC-72, which is evidenced by the single fluid MAE val-
ues of 14.26% for the former and 18.84% for the latter.

5. Conclusions

The present study involved experimental investigation of pa-
rameters influencing CHF for confined round single jets and jet
arrays impinging normally onto square heated surfaces. The ex-
periments were performed using R-134a, a fluid widely used for
thermal management of electronic and power devices especially in
aerospace applications, for which jet impingement information is
quite sparse. A comprehensive R-134a CHF database was acquired
that considers the effects of various geometrical parameters and
operating conditions. Close inspection of the heating surface fol-
lowing CHF tests showed localized burnout patterns which pro-
vided significant insight into both the flow characteristics within
the confinement region and the spatial distribution of surface tem-
perature resulting from jet interactions. Key findings from the
study are as follows:

(1) Jet velocity has a far stronger influence on CHF than mass flow
rate. CHF increases with increasing jet velocity, with stronger
dependence realized at lower velocities.

(2) CHF increases with increasing nozzle diameter for a fixed jet
velocity, and slightly decreases with increasing nozzle diame-
ter for a fixed mass flow rate. Augmentation of CHF with larger
diameters is greater for slower jets.

(3) Jet arrays yield higher CHF than a single jet for a fixed jet ve-
locity, but lower CHF for a fixed mass flow rate. Increasing the
number of jets for a fixed heated surface area has similar ef-
fects, with greater CHF augmentation achieved at lower veloc-
ities. For a fixed flow rate and a comparatively high area ra-
tio, CHF increases by using fewer jets, albeit at the expense of
greater pressure drop. This shows efforts to improve CHF must
always be weighed against the drawback of increased pumping
power.
Increasing saturation pressure slightly increases CHF for a fixed
inlet fluid temperature. This augmentation is more pronounced
at higher velocities for jet arrays.
Negative exit qualities indicate most high mass flow rate cases
encountered fully subcooled CHF, which is comprised of the
fluid exiting the module in pure liquid state following partial
localized dryout within the confinement region. On the other
hand, exit qualities at CHF for lower flow rates are typically
high, indicative of saturated CHF conditions.

(6) Two types of CHF occurrence were observed: sharp heating
block temperature escalation at lower flow rates, and a mild
prolonged temperature increase at higher flow rates. Underlying
mechanisms for the two transient types have been propounded.

(7) A new CHF design correlation was constructed based on a con-
solidated database comprised of the present R-134a data and
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previous FC-72 data. A thorough review of literature identified
numerous correlations, their formulation rationale, and key di-
mensionless terms used. Statistical inference techniques were
used in conjunction with a new understanding of the fluid flow
and heat transfer physics to formulate a new correlation form.
The new correlation shows good prediction accuracy, evidenced
by 16.66% mean absolute error, 22.02% root mean square er-
ror, and 0.991 R-squared value for both fluids and over broad
ranges of geometrical parameters and operating conditions. Ad-
ditionally, 84.06% and 97.50% of the predicted CHF values are
within +£30% and +50%, respectively, of corresponding experi-
mental values.
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