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Abstract. In this study, we offer a brief overview on full-cone spray modeling. A system of coupled ODEs based on bal-
ances of mass, momentum, and energy is used to resolve the spray transport and atomization. An experimental apparatus
with a novel 3-colliding jets spray configuration in a vapor-compression refrigeration system is presented in detail. In
prior research, we conducted experiments to evaluate spray and jet impingement as cooling schemes for high heat flux
applications. The proposed technology integrates the functions of the expansion device and evaporator of a miniatur-
ized, oil-free refrigeration system into a single unit. The two-phase flow inside the cooling unit involves high-pressure
subcooled liquid refrigerant entering a jet/spray cooling unit and expanding in one or more orifices, resulting in the
formation of either spray or free liquid jets (depending on experimental conditions and setup). These jets then impinge
on a heated surface, facilitating convective boiling and evaporation of the liquid film, thereby removing heat. This ap-
proach capitalizes on the high heat transfer coefficients of spray and impinging jet, as well as the below-ambient junction
temperature of the refrigeration loop. As a result, the compact heat sink has the potential to be applied in numerous
vapor-compression cooling systems, including those for power electronics and thermal management of batteries. The
full-cone spray model for refrigerant R-134a is compared with different datasets from the literature finding a very good
agreement for both the Gaussian droplet velocity radial distribution and the droplet centerline axial velocity away from
the injector. The impact velocity is a very important parameter used to determine the liquid film formation and liquid
film thickness at the heated surface. Additionally, the full-cone spray model is used for the 3-colliding jets configuration,
providing satisfactory results.
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1. INTRODUCTION

Direct spray cooling has gained significant interest from the scientific community in recent years due to its effective
and dependable performance for electronics thermal management. Various potential applications can be sought when this
cooling scheme is integrated into different cooling systems, including vapor-compression refrigeration systems (VCRS)
and liquid loops that are powered by pumps. These applications range from high-power electronics (Chen et al., 2022) to
aerospace industry (Li et al., 2023) and both conventional and edge data center infrastructure (Kandasamy et al., 2022).
The benefit of the VCRS integration with direct spray cooling schemes is, however, twofold, since it combines the high
thermal conductance with the ambient temperature independence, a result of below-ambient evaporation temperatures.

Figure 1 illustrates a spray cooling unit of a miniaturized VCRS, detailed elsewhere (Carneiro et al., 2018). High-
pressure subcooled liquid from the condenser enters the cooling unit and finds an orifice section where an array of oblique
orifices expands the R-134a refrigerant and creates 3 jets oriented to a single point inside the spray chamber. At this
point, the two-phase jets collide and atomize in a spray structure that directly impinge on the top of a heated electrolytic
copper block, also addressed as heated surface. As the refrigerant droplets impinge on the surface, a thin liquid film may
be formed, where different heat transfer mechanisms take place, such as liquid film evaporation, and both single- and
two-phase flow convection. Nevertheless, the spray density and thermophysical properties, as well as the droplet size and
velocity are some of the key parameters dictating the spray cooling heat transfer performance (Breitenbach et al., 2018).

Therefore, the spray atomization must be properly understood in order to investigate the liquid film formation, flow
features, and consequential drying out and flooding limitations. This work focuses on the numerical modeling of the spray
atomization for conical sprays, comparing the single injector full-cone sprays with the 3-colliding jets spray configuration
from the experiments. This is the first stage in an ongoing work that includes the film formation and evaporation modeling,
as well as the spray-film interaction.

2. MODEL

In Lückmann (2010), the author derives an analytical model that resolves the spray droplets for a full-cone spray.
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Figure 1. Colliding jet spray configuration. (a) Spray chamber and measurement transducers. (b) CAD model representa-
tion of the assembly highlighting the spray chamber and drainage unit. (c) Schematic representation of the colliding jets’

orifices and a snapshot of the resulting conical spray.

Assuming a conical profile for the spray with constant angle θspray, balances of mass, momentum, and energy are
applied to an infinitesimal control volume. For simplicity, variations in the angular and radial directions are disregarded,
and only the axial direction is considered. Additionally, steady-state, incompressible flow is considered with spherical
droplets with no coalescence or break-up. The temperature of the vapor phase is assumed uniform and constant. Figure 2
schematically illustrates the variables overlaid on top of a frame from the experiments.

The domain extends from the injection point to the impinging surface, at axial location Zmax. Since the model is 1-D,
the variables correspond to the cross-section area-average for any given position z. It is useful to define the fraction of the
control-volume occupied by the liquid droplets, the liquid void fraction αl

αl =
VdNd

∆V
(1)

where Vd is the droplet volume, Nd the number of droplets in the control volume, and ∆V the volume of the control
volume, approximated as ∆V = Acs∆z for small ∆z. The cross-section area Acs depends on the cone radius at the given
axial position, which can be found from trigonometry, giving

Acs = π

[
dinj
2

+ z tan (θspray/2)

]2
(2)

where dinj is the injection diameter.
The following equations for the liquid void fraction αl, droplet velocity ul, vapor velocity ug and droplet radius rd

can be derived from the mass and momentum balances on the liquid and vapor phases, alongside the energy balance for
the droplet liquid-vapor interface [the derivation is presented in detail in Lückmann (2010)]

dαl

dz
= −αl

ul

dul

dz
− 3αl

rd

ṁ
′′

int

ρlul
− 2αl tan (θspray/2)

dinj/2 + z tan (θspray/2)
(3)

dul

dz
= − ul

2αl

dαl
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− 3

2rd

ṁ
′′

int

ρl
− 3

2rd

τlg
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− ul tan (θspray/2)
dinj/2 + z tan (θspray/2)

(4)

dug
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=

ug

2 (1− αl)

dαl

dz
+

3αl

(
ṁ

′′

intul + τlg

)
2rdρg (1− αl)ug

− ug tan (θspray/2)
dinj/2 + z tan (θspray/2)

(5)
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Figure 2. Schematic representation of the spray cone including the injection diameter, spray angle, and distance from the
injection point to the heated surface.

drd
dz

= −ṁ
′′

int

ρlul
(6)

where ṁ
′′

int is the interfacial mass transfer and τlg is the interfacial shear stress. They are calculated as

ṁ
′′

int = − kl
∆hlg

(
dTl

dr

)
r=rd

− h̄d

∆hlg
(Tl,int − Tg) (7)

τlg =
1

8
CDρl (ul − ug)

2 (8)

where
(
dTl

dr

)
r=rd

is the temperature gradient at droplet liquid-vapor interface, obtained from the analytical solution for
the temperature distribution in a sphere

(
dTl

dr

)
r=rd

=
2

rd
(Tinj − Tlg)

∑
n

= 1∞
[

1

nπ
sin (nπ)− cos (nπ)

]
exp

(
−n2π2 klt

ρlcp,lr2d

)
(9)

and h̄d and CD are the droplet heat transfer coefficient and drag coefficient, respectively. Both the heat transfer and the
drag coefficients are calculated for a spherical droplet and corrected by the blowing effect (Lefebvre and McDonell, 2017)

CD = C∗
D

[
Bf

exp (Bf )− 1

]
=

24

Red

(
1 +

Re
2/3
d

6

)[
Bf

exp (Bf )− 1

]
(10)

h̄d = h̄∗
d

[
Bh

exp (Bh)− 1

]
=

kgNul
2rd

[
Bh

exp (Bh)− 1

]
(11)

where Bf and Bh are the blowing correction factor for the shear stress and the heat transfer coefficient, defined as

Bf =
8ṁ

′′

int |ul − ug|
C∗

Dρl (ul − ug)
2 (12)
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Table 1. Experimental conditions for the utilized datasets.

Reference Fluid Nozzle ṁ, g/s dinj, µm θspray, ° Zmax, mm
Hsieh and Tien (2007) R-134a Full-cone 0.23–0.26 510 41 90
Zhifu et al. (2012) R-134a Full-cone 4.3 810 80 200
Chen et al. (2019) R-134a Full-cone 5.4 800 15 40
Present work R-134a 3-colliding jets 3.5 500 35-45 20

Bh =
2rdṁ

′′

intcp,l
kgNul

(13)

and the droplet Reynolds number is defined as Red = ρg|ul−ug|2rd/µg. The Nusselt number is calculated using the Ranz
and Marshall correlation (Ranz and Marshall, 1952)

Nul = 2 + 0.6Re
1/2
d Pr1/3g (14)

where Prg = cp,gµg/kg.
The set of Equations (3)-(6) form a system of coupled ODEs that must be solved simultaneously alongside the transport

parameters ṁ
′′

int, τlg, and h̄d. The system is solved numerically using solve ivp function from the Python’s SciPy module
(Virtanen et al., 2020) that uses the Runge-Kutta ODE solver with the implicit Radau method (Hairer and Wanner, 2015).

Two experimental datasets will be used in the validation of the model, namely the R-134a spray velocimetry data from
Hsieh and Tien (2007) and Zhifu et al. (2012). The adopted experimental conditions are presented in Tab. 1.

Figure 3 shows the axial profiles for the four variables of interest: αl, ul, ug , and rd using the conditions from Zhifu
et al. (2012).
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Figure 3. Model results for full-cone nozzle. Data from Zhifu et al. (2012)

According to the available literature (Sellens and Brzustowski, 1986; Hsieh and Tien, 2007; Bodaghkhani et al., 2018;
Movahednejad et al., 2010; Chen et al., 2019), a Gaussian distribution can be assumed for the droplet velocity as a function
of the radial coordinate for each cone section. The droplet velocity radial distribution is then calculated as

ul(r) = exp

{[
−1

2

(
1

Ω

r

rcone

)2
]}

ul,c (15)

where rcone is the cone section radius and ul,c is the velocity at the spray centerline. The standard deviation is taken as
the cone radius multiplied by the factor Ω, taken as 0.15 in the current analysis. The centerline velocity can be found from
the definition of the average mass flow rate
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ul,c =
ul(r)r

2
cone

2
rcone∫
0

r exp

{[
− 1

2

(
1
Ω

r
rcone

)2]}
dr

(16)

Figure 4 shows a comparison between the velocity distribution obtained from the model for the conditions from Hsieh
and Tien (2007). A very good agreement is found for axial locations z = 40, 60, and 80 mm, with the first measurement,
taken at z = 20 mm showing the worst agreement. This result is encouraging since one of the major objectives of the
study of this spray is the formation of a liquid film on top of the heated surface, which is strongly dependent on the spray
impinging velocity [ul(z = Zmax)], for which the model is well suited.
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Figure 4. Droplet velocity radial distribution at different axial distances from the injector (z = 20, 40, 60, 80 mm).
Experimental data from Hsieh and Tien (2007).

Figure 5 shows a direct comparison with experimental data for R-134a sprays from the literature (Hsieh and Tien,
2007; Zhifu et al., 2012; Chen et al., 2019) for the centerline velocity calculated with Eq. (16)

Good agreement is encountered once again for axial locations larger than z/zmax > 0.2, showing the suitability of the
model in predicting the droplet impact velocity.

3. DISCUSSION OF RESULTS

After the validation for full-cone nozzle sprays, discussed in Section 2., the model from Lückmann (2010) was used
to predict the liquid volume fraction, droplet and vapor velocities, and droplet radius for the data from the experimental
apparatus described in Section 1.for the 3-colliding jets spray configuration. The relevant parameters are listed in Tab. 1,
but special mention is made to the cone angle θspray, which was manually estimated from isolated frames such as the one
displayed in Fig. 2, with encountered values within the range θspray = 35-45°.
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Figure 5. Variation of droplet velocity at the centerline with distance from the injector. Model validation with datasets
from Hsieh and Tien (2007); Zhifu et al. (2012); Chen et al. (2019).

Figure 6 shows the result from the system of ODEs [Eqs. (3)-(6)]. The same overall trend is observed for the 3-
colliding jets spray configuration. Due to the shorter distance between the injection point and the heated surface, the
droplet radius presents a smaller variation, which results in a larger liquid void fraction at the impact. The cross-section
average droplet and vapor velocities show a smoother decay, and the droplet impact cross-section-average velocity can
be estimated at around 1 m/s. The uncertainty due to the spray cone angle definition mentioned above is presented as the
shaded bands.
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Figure 6. Model results for the 3-colliding jets spray configuration.

Using the Gaussian distribution assumption, the radial droplet velocity profile can be estimated [Eq. (15)], as illustrates
Fig. 7. Again, the cone angle uncertainty is presented by the shaded bands.

The Gaussian distribution indicates the droplet impact velocity is much larger at the center, around 30 m/s.

4. CONCLUSIONS

The full-cone spray model developed in Lückmann (2010) was presented and validated with available datasets for
R-134a sprays. The droplet radial velocity distribution was found to be satisfactorily predicted by a Gaussian distribution
at axial locations farther away from the injection point (z/Zmax > 0.2).

The full-cone spray was extended for the 3-colliding jets spray configuration and a similar overall trend was encoun-
tered. The impact velocity was estimated from the Gaussian droplet velocity distribution.

Results for the full-cone and 3-colliding jet spray configuration can be fed into a film formation and evaporation model,
also discussed in Lückmann (2010), to estimate the heat transfer coefficient.
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Figure 7. Droplet velocity radial distribution at different axial distances from the injector for the 3-colliding jets spray
configuration (z = 5, 10, 15, 18 mm).
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