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In quench subcooled-jet boiling, an effective cooling of large surface area is achieved with jet arrays. Here
a stainless-steel plate initially superheated at 900 �C is cooled with seven hexagonally arranged water
[1 atm, 20 �C (80 �C subcooling)] jets (7j), and with varying jet separation distance (with a jet Reynolds
number ReD = 5000). Using high-definition visualization synchronized with the surface thermal charac-
terization based on the inverse-conduction analysis allows calculation of the spatial and temporal vari-
ations of the local and average heat flux (q) and heat transfer coefficient (h). The local and temporal peaks
in q and h occur under the jets with enhancements in the regions of their interactions. We compare these
results with the prior two jets (2j) and single jet (1j) results (with ReD = 15,000). For a jet separation of
four nozzle diameter (S/Dn = 4), the 7j behavior is close to the single jet (1j), while with larger separation
extra h peaks occur and the cooling becomes more effective (larger cooling area, but with smaller area-
averaged heat transfer coefficient hhi). For S/Dn = 10, the 7j enhanced cooling effectiveness is smaller than
the 2j effectiveness, suggesting using similar total liquid flow rate, fewer jets are preferred. The cooling
effectiveness enhancement for the S/Dn = 6 arrangement is the highest, reaching 50% and covering a large
high-h area, and over a long elapsed time.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The system design challenge can avoid material instability in
removal of very large heat flux by convection, while avoiding
over-design and waste in rapid cooling of superheated surfaces.
Impinging jet has been commonly used in material processing for
its high heat and mass fluxes with the heat transfer coefficient
exceeding 0.01 MW/m2-K under subcooled boiling [1,2]. The theo-
retical limits in heat flux and heat transfer coefficient h in boiling
are discussed in [3,4] and for saturated water at 1 atm the theoret-
ical maximum heat flux is 200 MW/m2, and the h can reach
0.2 MW/m2-K using 3-D flow-boiling wicks. In steel production,
rapid and uniform cooling of the material is necessary to ensure
desirable mechanical and metallurgical properties, as reviewed
by Wolf et al. [5]. To understand the mechanisms of impinging-
jet cooling, theoretical [6], experimental [7] and numerical studies
[8,9] have been conducted, including research on the single and
multiple-jet impingement on stationary, superheated surfaces.
Karwa et al. [10] provided visual observation of the dark zone
underneath the single jet with surface temperature under 500 �C,
and showed that the peripheral boundary of this zone (called the
wetting front) spreads radially with time. They suggested that
the liquid deflection (ejection) occurs outside of wetting front
due to surface tension and shear forces. Ishigai et al. [11] and Hall
et al. [12] reported the coolant-surface contact at the stagnation
point without any noticeable period of film boiling, even with an
initial temperature >1000 �C. Hammad et al. [13] reported exis-
tence of a maximum heat flux in the nucleate boiling regime that
changes into transition boiling within the fully-wetted region with
the specific location varying with the surface wetting conditions. A
more accurate location of the maximum heat flux was identified by
Lee et al. [14]. Using high-resolution imaging, they analysed the
hydrodynamics of the round water jet under very large initial
superheat (900 �C) and large surface area. Synchronizing the boil-
ing visualizations and the inverse conduction, they located the
wetting front and evaluated the enhancement of heat transfer coef-
ficient by the interaction of two adjacent jets and suggested an
optimal jet-to-jet spacing [15]. The transient cooling effectiveness
enhancement reached 65% compared to the single jet, at a spacing
divided by nozzle diameter equal to 10.

The high heat and mass transfer fluxes and transfer coefficients
of the impinging jet occurring in the stagnation region,
cannot be advantageous in most cooling processes due to the
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Fig. 1. Schematic of the (a) experimental setup of the staggered-array jet impingement cooling of a superheat stainless steel plate, and (b) the stainless steel flat plate with
the location of the thermocouples.

Nomenclature

A area, m2

cp heat capacity, J/kg-K
C volumetric heat capacity, J/m3-K
Dn nozzle diameter, m
h heat transfer coefficient, W/m2-K
k thermal conductivity, W/m-K
NuD Nusselt number based on nozzle diameter
q heat flux, W/m2

r radial location, m
Rdo wetting-front radius, m
ReD Reynolds number based on nozzle diameter, m
s unit step function
S distance between jets in jet-array arrangement, m
t time, s
T temperature, �C or K
u jet exit velocity, m/s
W distance between jets for two-jet arrangement, m
Y surface temperature variation
z location from surface, m

Greek letters
k time step, s
l viscosity, Pa-s
D difference
q density, kg/m3

g effectiveness

Subscripts and superscripts
c estimated value
i elapsed time
m measured value
n nozzle
1 jet adiabatic temperature

Other
h i area average
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Fig. 2. (a) Geometry of the staggered-array jets, and (b) 4 staggered-array jets arrangements used in this study.

Table 1
Conditions for the current seven staggered-array jets and the previous single jet [14] and two interacting jets [15] subcooled quench boiling. The interjet distanceW is used for the
two-jet and S is used for the staggered-array jet arrangement.

Nj Dn (mm) ReD huin (m/s) huin An (m3/s) W/Dn, S/Dn

Single jet [14] 3 15,000 5.0 0.14 1
Two jets [15] 3 15,000 5.0 0.28 10, 20, 30
Seven staggered-array jets [present] 3 5,000 1.7 0.327 4, 6, 8, 10
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non-uniformity. While a small number of jets have effective local
cooling, outside the inner regions the performance deteriorates
owing to the low-momentum water supply. Also, the jet effective-
ness has a limitation since there is no further cooling gain for Rey-
nolds number ReD > 20,000, due to severe flow deflection. So,
designing an efficient distributed-jet system has attracted theoret-
ical and practical interests [16–18], and it remains challenging the
complexity of the jet interactions and various phase-change
regimes occurring simultaneously in the cooling process [19,20].
So, understanding the impact of multiple-jet design parameters
on the heat and mass transfer and their cooling performance are
essential in search for effective cooling method with optimal
threshold liquid flow. The staggered-array jets have potential for
uniform cooling and the effect of the spatial arrangement of the
jets on the flow and heat transfer have been reported [21,22].
Can et al. [23] investigated the heat transfer with a hexagonal array
Table 2
Uncertainty results for the estimated heat flux.

Uncertainty of influence coefficient Measured temper
Thermal conductiv
Volumetric heat c

Uncertainty of estimated heat flux Heat flux range
Combined standar
Total absolute unc
Relative expanded
of air jets and found a maximum area-averaged heat transfer coef-
ficient at the spacing divided by the nozzle diameter S/Dn = 5.5, and
independent of the nozzle to plate distance. At dimensionless
pitches larger than 5.5, the impingement area per jet is large,
resulting in lower area-averaged Nusselt number. For pitches
smaller than 5.5, there is significant interaction between the jets
reducing the radial jet velocity. Huber and Viskanta [24] used a
square array of jets and their results are consistent with those of
Can et al. [23] (maximum at S/Dn = 6). However, there has been
no clear comparison between the results for the staggered-array
jets and the single-jet.

Here, following our previous investigation of single-jet [14] and
two interacting jets [15], we seek insight into the effect of the jet-
to-jet spacing (S/Dn = 4, 6, 8, 10) of a staggered-array jets on the
quench boiling phenomena and its hydrodynamics. While the liter-
ature provides many insights into the heat transfer performance of
ature variation (DTm) ±5 �C
ity (k) 10.2 %
apacity (C) 4.8 %

0.5–5 MW/m2

d uncertainty 0.026–0.38 MW/m2

ertainty 0.052–0.76 MW/m2

uncertainty 10.3–15.2 %



Fig. 3. Flow visualization of the staggered-array jets with the jet separation of (a) S/Dn = 4 and (b) S/Dn = 10.
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the staggered-array jets, their interaction effectiveness have not
been addressed. We use isothermal and boiling flow visualizations
and the inverse heat conduction method to explore this heat trans-
fer enhancement under similar conditions as the single jet and two
jets studies, for a comprehensive comparison.

2. Experiment and methods

The experimental apparatus is schematically shown in Fig. 1(a)
and is nearly identical to our previous work [14,15] for a compar-
ison, and includes heat flux gauge, flow loop, data acquisition sys-
tem (DAQ) and high-resolution camera. The flow loop consists of
constant water temperature circulator, pump, electromagnetic
flowmeter, water chamber, and nozzles. The jet water temperature
is maintained at 20 ± 0.5 �C, with circulator in an insulated
stainless-steel tank of 700 L, electric heater of 10 kW, and chiller.
The cooling water is pumped (CRN 1-15, Grundfos) to the water
chamber through the connecting flexible pipe and flow rate is mea-
sured by electromagnetic flowmeter (GF630A/LF600, Toshiba) with
a measurement accuracy of ±0.5%. The water flow rate for each jet
is set at 0.327 m3/h, corresponding to Reynolds number ReD = 5000.
The measurement uncertainty is within 0.7%, for the volumetric
flow rate measurement.

The heat flux gauge and thermocouple locations are shown in
Fig. 1(b), and the stainless-steel ANSI 304 (8% Ni, 18% Cr, <0.08%
C) rectangular plate has 300 � 200 � 20 mm3

(length �width � thickness). This plate material is chemically
inert and does not undergo solid-solid phase transformation which
can affect the heat transfer and disturb the recorded temperature
distribution during the quench process. To measure the tempera-
ture in real time, 22 holes (1 ± 0.1 mm diameter) are drilled from
the bottom surface with electric discharge machining (EDM). Nine-
teen of these have 19 mm depth (1 mm below the top surface),
while radially 15 mm apart. The other three are at the plate center
with depths of 5, 10 and 15 mm. The calibrated thermocouples
(accuracy = ±1 �C, KMTXL-0404G-6 OMEGA�) with diameter of
1 mm are inserted and held in place with spot welding. The tem-
perature data is recorded by a data acquisition system (EX1032A,
VTI Instruments Co.) at 10 data/s.

The staggered-array jets with a center nozzle (Dn = 3 mm inner
diameter) and the hexagonally-placed six surrounding nozzles, are
shown in Fig. 2(a). The nozzles in one row are laterally staggered



Fig. 4. Snapshot images of the single jet, the two jets (W/Dn = 10), and the staggered-array jets (S/Dn = 10) at three elapsed times of (a) 5, (b) 30, and (c) 50 s.
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with respect to the nozzles in another row. They are clamped to the
water chamber and mounted above the center of the heated plate
with a separation distance of 100 mm. Bottom section of the water
chamber was cut off to easily mount and demount the nozzle
plates containing the jet array. The nozzles are made of stainless-
steel tubing to ensure even flow distribution between the nozzles.
The more detailed explanation is shown in Kim et al. [25] and Lee
et al. [26]. Fig. 2(b) shows the image of various staggered-array jets
with the distance (S/Dn = 4, 6, 8, 10) between the center nozzle and
the surrounding nozzles. Table 1 summarizes the conditions for the
experiments, as those in our previous studies for single and two-jet
impingement quench boiling.

To quantify the boiling heat transfer characteristics, the surface
temperature and heat flux are required and we solve the inverse
heat conduction problem, described by Twomey [27] and Beck
et al. [28], for their numerical estimations based on the recorded
(thermocouples) plate internal temperature distribution. The local,
instantaneous (at incremental elapsed time ti) heat transfer coeffi-
cient h(ti) uses the surface temperature T (0, r, ti), surface heat flux
(q), and the jet adiabatic temperature T1

hðtiÞ ¼ qcðtiÞ
0:5½Tcð0; r; tiÞ þ Tcð0; r; ti�1Þ� � T1

ð1Þ

where Tc(0, r, ti) and qc(ti) are the estimated temperature and heat
flux at time (ti), and h is generally more accurate when evaluated
at ti�1/2.

The estimated heat flux at the surface is determined from the
Fourier law by differentiating the calculated temperature using
the Duhamel theorem [29,30] as
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The local Nusselt number is
NuD ¼ hDn

k
ð4Þ
where Dn is the nozzle diameter and k is thermal conductivity of the
water. This is averaged Nusselt number over the plate surface area
as
hNuDi ¼ hhiDn

k
¼ Dn

k

Z
A
hðtÞ ½Tð0; r; tÞ � T1� dA

½< Tð0; tÞ > �T1�A ð5Þ

The uncertainty analysis is conducted for the numerically esti-
mated heat flux. The uncertainty estimations include using math-
ematical models combining the individual uncertainties. Here we
make this estimation with the following relations from ISO [31]
and Beck et al. [32],
dqc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1
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where DTm, k and cp are influence parameters for estimating the
heat flux, and the uncertainties are presented in Table 2. The calcu-
lated results are summarized in Table 2, showing the uncertainties
in the estimated heat flux uncertainty vary from 10.3 to 15.2% for
the listed range of heat flux from 0.5 to 5 MW/m2.



Fig. 5. Synchronization of boiling visualization of staggered-array jets (S/Dn = 10) with surface heat transfer characteristics (radial distributions of the temperature, heat flux
and heat transfer coefficient) at elapsed time of (a) 2, (b) 10, (c) 27, and (d) 52 s.
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3. Results and discussion

3.1. Visualization of staggered-array jets

Fig. 3 shows the snapshot of flow visualizations, without heat
transfer (isothermal), with high- resolution video camera for two
different S/Dn. The seven stagnation points (for each jet) are well
represented with small circles and the jet flow interactions appear
as each jet spreads radially and overlaps with others. This interact-
ing flow occurs at the midpoint between each jet pairs and forms a
honeycomb over a relatively small distance in Fig. 3(a) for S/Dn = 4.
On the other hand, with large jet to jet spacing of Fig. 3(b) for
S/Dn = 10, a larger honeycomb is formed of the interacting flows,
covering a larger area. In the case of high Reynolds numbers
(ReD > 10,000), a large fraction of the coolants bounces off of the
plate due to the high inertia of the individual jets opposing each
other.

Fig. 4 is a comparison of boiling visualizations (snapshots) of the
single jet, two jets (W/Dn = 10), and staggered-array jets (S/Dn = 10),
at three elapsed times. The three distinct regions, namely, merged
front, wetting front, and dry are marked, and their characteristics
are discussed in [14,26]. Fig. 4(b) and (c) are for two jets and
staggered-array jets, respectively, with the same jet to jet distance
(W/Dn = S/Dn = 10), and at the midpoint between the jets, the jets
merge. In the staggered-array jets, complex and multiple merged
flows are formed, where the center jet meets with six of the sur-
rounding jets (the surrounding jets also meet each other). A
time-varying boiling occurs and the wetting-front radius increases
with the elapsed time, as shown in Fig. 4(c1), (c2) and (c3). The
wetting-front follows the hexagonal contour due to diagonal flow
emerging through the gap between the jets.
3.2. Boiling heat transfer of staggered-array jets

Fig. 5 is synchronized boiling visualizations combined with the
radial distributions of the surface temperature, heat flux and the
heat transfer coefficient for S/Dn = 10, at four elapsed times. In
Fig. 5(a) with t = 2 s, the seven small wetting fronts (dark gray)



Fig. 6. Time history of the surface heat transfer characteristics (a) temperature
variations with time, and (b) heat flux versus surface temperature, at various
surface locations, for the staggered-array jets (S/Dn = 10).
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are observed and each jet flow is rather isolated. The residual
branches off the jets meet and form characteristic integrated, out-
ward streams without wetting-fronts (due to the Leidenfrost effect
at high surface temperatures). The red, blue and yellow line repre-
sent the heat flux, heat transfer coefficient and temperature,
respectively. The peaks of the heat flux q are always consistent
with the stagnation point of each jet (representing local rigorous
cooling). So large temperature gradient is observed around the
stagnation point. With increased elapsed time this sharp gradient
is reduced and a uniform thermal behavior is observed over
r/Dn = �10 to 10, after 10 s, Fig. 5(b). The inner region consisting
of jets reaches thermal equilibrium quicker than the outer region.
This relates the spreading speed of the wetting front as described
in [14]. The wetted region grows rapidly initially followed by a
constant slower rate. As a result, a uniform temperature distribu-
tion is reached in the inner region. The outer region is marked with
high heat flux and temperature gradient, due to nucleate boiling at
the wetting front. This is shown in Fig. 5(c) and (d), until the entire
surface is wetted, at elapsed time of 130 s. So, the position of the
maximum heat flux moves from each jet stagnation point to the
inner region, to the wetting front, and in the outer region, with
increasing elapse time. In addition, the maximum heat flux is
reduced with time, as the surface temperature drops.
Fig. 6 shows the time variations of the surface temperature and
the heat flux versus the local surface superheat, at various radial
locations. Around the jet stagnation points, r/Dn = �10, 0 and 10,
the largest gradients are observed in Fig. 6(a) and is accompanied
by the highest heat flux of approximately 5 MW/m2. The next
intense coolings are at r/Dn = �5, +5 located in the inner region,
at which rigorous interactions between jets occur. The other effec-
tive coolings are at r/Dn = �10, +10 which are at the same distance
as r/Dn = �5, +5 from jet stagnation points. However, its takes
longer, approximately 15 s, until the temperature falls below
400 �C. This highlights the cooling intensity contrast between the
inner and outer regions.

Figs. 7 and 8 show the synchronization between boiling visual-
ization and heat transfer characteristics of the S/Dn = 4, 6, 8 and 10
configurations and at elapsed time of 2 and 50 s. When the narrow
jet strips (S/Dn = 4 and 6) develop, a relatively low temperature is
observed in the inner region at 2 s, Fig. 7(a1) and (b1). A relatively
uniform heat flux is established, as if there were similar flows over
that area. After 50 s, Fig. 7(a2) and (b2), the wetted area (gray) for
S/Dn = 4 occupies a smaller area compared to S/Dn = 6, because the
momentum of radial jet flows is diminished from the rigorous
interactions. Consequently, for both S/Dn = 4 and 6 similar uniform
cooling in the inner region occurs, and for S/Dn = 6 is more advan-
tageous. In Fig. 8(a1) and (b1), the temperature gradient is largest
at the stagnation points, therefore, the uniform cooling perfor-
mance is more pronounced for S/Dn = 4, 6. Comparing the wetted
area at 50 s, Fig. 7(a2) for S/Dn = 4 has the smallest area and the
other three in Fig. 7(b2), Fig. 8(a2) and (b2) show similar wetted
area. So, the S/Dn = 6 results in the most desirable cooling perfor-
mance (uniform cooling of the inner region and large spreading
speed). In Fig. 7(b2), the heat flux shown in red has lower value
within �10 < r/Dn < 10 compared with �20 < r/Dn < 20, where the
nucleate boiling occurs. However, the surface temperature shown
in yellow is much smaller compared the other regions, this results
in the largest heat transfer coefficient. That shows that at the stag-
nation point, where the jet impinges, large the heat flux is main-
tained even when the temperature drops significantly. In
particular, the case of S/Dn = 6 is rather optimal for maintaining
high sensible heat flux (compared to S/Dn = 4 and 10) even though
the surface temperature is lower.

3.3. Heat transfer enhancement by staggered-array jets

The distributions of the local (radial) heat transfer enhancement
(h) of the staggered-array jets (7j) along the jet separation distance
are compared with the single jet (1j) [14] (indicating infinite sepa-
ration) and two jets (2j) [15] results. Fig. 9 shows these compar-
isons for (W/Dn = 10) and (S/Dn = 10) at elapsed times of 2, 5, 30
and 50 s. The peaks of 1j, 2j, and 7j at elapsed time of 2 s in
Fig. 9(a) are consistent with the jet stagnation point performance
(1j, 2j and 7j have 1, 2 and 3 of stagnation points, respectively).
At 5 and 30 s in Fig. 9(b) and (c), these peaks move in the radial
positions, marked by the nucleate boiling occurring at the wetting
front.

Fig. 10 shows the distribution of the local heat transfer coeffi-
cient for the single jet and the staggered-array jets (S/Dn = 4, 6) at
elapsed times of 2, 5, 30, and 50 s. As mentioned above, the small
jet separations of S/Dn = 4, and 6 show a uniform cooling in the
inner region. So, comparing with Fig. 9(b), Fig. 10(b) does not show
as many peaks. After 50 s, Fig. 10(d), several peaks in the outer
region, and for the 7j has a considerably larger heat transfer coef-
ficient within r/Dn from �10 to 10. This is because the surface tem-
perature is rather lower, but the heat flux remains high due to the
forced convection heat transfer of the jets.



Fig. 7. Comparison of synchronization results of the temperature, heat flux and heat transfer coefficient of the staggered-array jets (S/Dn = 4 and 6) at elapsed time of 2 and
50 s.
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Fig. 11 shows the time history of variations of enhancement
effectiveness of the two jets (W/Dn = 10) and staggered-array jets
(S/Dn = 10), which is calculated based on comparison with the sin-
gle jet results. In order to quantify this enhancement for the opti-
mal jet configuration, the effectiveness is defined for 2j and 7j,
using the same total liquid flow rate accounting for the different
Reynold numbers and the number of jets. These enhancement
effectivenesses are (g2j, g7j)

g2j ¼
A2j

2A1j
ð7Þ

g7j ¼
A7j

7=3A1j
ð8Þ

A1j; 7j ¼ 1
2

ZRdo
�Rdo

h rð Þ2prdr ð9Þ
A2j ¼ 1
2
ð1� aÞ

ZRdo
�Rdo

h rð Þ2prdr ð10Þ

where Anj is the area under the heat transfer coefficient curves of
Figs. 9 and 10, for each jet configuration, and a is for area fraction
in side circle of diameter 2Rdo (presented in detail at [15]). So, the
effectiveness of unity corresponds to the single jet.

In Fig. 11, the variations of the 2j and 7j effectiveness with
respect to time show the maximum enhancement of 67% and
46% compared to that of a single jet, respectively. After these peak,
both tend to attenuate over time. The effectiveness of the 2j and 7j
fall below unity after 26 and 13 s, respectively, but after 45 s, the 7j
returns toward unity again and remain there. So, the high ReD of
the 2j caused larger effectiveness peak, but the staggered-array jets
enable maintaining a high effectiveness.

Fig. 12 shows the effectiveness enhancement (radial integra-
tion) for various jet separation of (a) two jets, and (b) staggered-



Fig. 8. Comparison of synchronization results of the temperature, heat flux and heat transfer coefficient of the staggered-array jets (S/Dn = 8 and 10) at elapsed time of 2 and
50 s.
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array jets. In Fig. 12(a) for the 2j, the separation of W/Dn = 10 is the
most effective, but lasts only 15 s. For the staggered-array jets of
Fig. 12(b), the smaller separation peaks also appear at the begin-
ning, but they lasts longer than the 2j. In particular, the effective-
ness of the S/Dn = 6 remains high.

4. Conclusions

This staggered-array jets quench experimental study comple-
ments the quench (extreme surface superheat) boiling heat trans-
fer of water jet impingement cooling previously reported for the
single jet and two jets [14,15]. The additional parameter is the
jet separation distance which creates distinct flow interactions
around the inner jet region. The jet Reynolds number is adjusted
considering the total mass flow rate for comparison and presenta-
tion of any heat transfer enhancement. The complex boiling
regimes of the intensive cooling are characterized using synchro-
nized visualization (high-resolution video) and the numerical
inverse heat conduction method.

The heat transfer characteristics in the inner and outer regions
of the seven staggered-array jets were evaluated for various jet
separation S/Dn = 4, 6, 8 and 10. The difference in cooling effective-
ness between the inner and outer regions is due to the intense
emergence of the merging jet streams accompanied by a high heat
transfer coefficient. The S/Dn = 6 configuration is the most effective
combining a rather uniform and intense cooling in the inner region,
with minimal adverse effect in the outer region. The enhancement
of the staggered-array jets is compared with that of a single jet and
two jets by defining and quantifying the jet interaction effective-
ness and accounting for the total liquid flow rates. This cooling
effectiveness enhancement for the S/Dn = 6 arrangement reaches
50% up to the elapsed time of 55 s. So, the proper separation dis-
tance for staggered-array jets results in (a) nearly uniform cooling,
(b) high heat transfer coefficient, and (c) over a long elapsed time.



Fig. 9. Comparison of the radial heat transfer coefficient of the single jet (infinite separation), two jets (W/Dn = 10), and staggered-array jets (S/Dn = 10) at elapsed times of (a)
2, (b) 5, (c) 30, and (d) 50 s.

Fig. 10. Comparison of the radial heat transfer coefficient of the single jet and staggered-array jets (S/Dn = 4, 6) at elapsed times of (a) 2, (b) 5, (c) 30, and (d) 50 s.
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Fig. 11. Time variations of the effectiveness enhancement (radial integration) of the
two jets (W/Dn = 10) and staggered-array jets (S/Dn = 10). Effectiveness of unity
corresponds to performance of the single jet.

Fig. 12. Time variations of the effectiveness enhancement (radial integration) for
various jet distance of (a) two adjacent jets, and (b) staggered-array jets.
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