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Abstract: Cryogenic cavitation can be easily encountered in the liquid propulsion systems at the very initial
phase of the launch due to the propellant passing through orifices and valves. This leads to flow instability,
performance degradation, and even damages to the structures. Hence, the design of the propulsions
systems cannot overlook cavitation phenomena. Despite the relevance of the topic, its accurate prediction
is still hampered by the difficulty in modeling the high non-equilibrium phenomena involved. From an
engineering point of view, the main interest is to design such restrictions present in propellant systems
and, hence, to predict the maximum flow rate they can reach. This work questions the possibility to design
orifices for cryogenic applications on the basis of purely isothermal testing. To do that, cavitation
experiments were performed with both water and liquid nitrogen by considering two orifices hydraulically
similar. This implies a geometric similitude in terms of the orifice characteristic ratio ( 𝛽 ) and its
dimensionless thickness (th). The results show that this hydraulic similitude is not exhaustive to correctly
predict the orifice behavior in cryogenic flow. A key role is the level of liquid subcooling (∆𝑇𝑠𝑢𝑏 ) upstream
of the orifice.
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1. Introduction
Cryogenic cavitation is a well-known issue during the activation of the propulsion systems in liquid
rocket engines. However, the thermal properties of cryogenic fluids hinder an adequate prediction of
cavitation occurrence and intensity. Consequently, the design of orifices or valves constituting the feeding
system becomes more difficult. As extensively reported in the literature [1,2], the fluid properties
profoundly change the nature of cavitation with respect to isothermal fluids, like water. Nevertheless, from
an engineering point of view, is it possible to design a hydraulic system for cryogenic applications based
on tests performed in isothermal conditions? To answer this question, we study cavitation through an
orifice configuration and, specifically, we evaluate its hydraulic performance, i.e. the flow rate variation as
a function of the applied differential pressure. Two main formulations exist in the literature to describe the
hydraulic performance of an orifice in an isothermal environment, and they read:
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In fully liquid conditions (Eq.1[a]), the volumetric flow rate (𝑄𝑣 ) linearly grows with the square root of the
pressure drop through the orifice (∆𝑃 = 𝑃𝑢𝑝 − 𝑃𝑑𝑤 ). This proportionality is commonly expressed by the
flow coefficient Kv, which physically represents the volumetric flow of water passing through a restriction
with a pressure drop of 1 bar. Even if the use of Kv is quite spread and very convenient to quantify the
flow capacity of an orifice, it is not dimensionless. Besides, it depends on the orifice area. Therefore, as
suggested by Tullis [3], to have meaningful comparisons between similar geometries of different sizes, we
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will use a new coefficient which, in this work, we will call SF, obtained by dividing the Kv by the orifice
area (Ao), i.e. 𝑆𝐹 = 𝐾𝑣 ⁄𝐴𝑜 [m/h/ √bar]. In Eqs. 1.[a][b], 𝜌 is the density, and the subscript w refers to water.
𝜌
The ratio ⁄𝜌𝑤 is the specific gravity of the liquid, introduced to extend the use of these correlations to
liquids different from water. Regarding the choked flow (Eq.1[b]), this corresponds to that regime where
the pressure downstream of the orifice does not recover. For isothermal fluids, this minimum pressure
(𝑃𝑚𝑖𝑛 ) is well approximated by the saturated vapor pressure at the working temperature. Finally, the
choked flow rate also depends on 𝐹𝐿 [4], which is the ratio between the overall pressure drop through an
orifice (𝑃𝑢𝑝 − 𝑃𝑑𝑤 ) and the drop between the static pressure at the inlet (𝑃𝑢𝑝 ) and the one at the vena contracta
(𝑃𝑣𝑐 ), i.e. 𝐹𝐿 = √(𝑃𝑢𝑝 − 𝑃𝑑𝑤 )⁄𝑃𝑢𝑝 − 𝑃𝑣𝑐 .
By looking at Eqs.1[a][b], it can be concluded that, if two orifices have the same SF and 𝐹𝐿 , they will show
the same hydraulic performance in both linear and choked conditions. Such a hydraulic similitude depends
on a geometrical one since SF and 𝐹𝐿 are functions of the orifice diameter ratio (𝛽 = 𝑑/𝐷) and the
dimensionless thickness (𝑡ℎ = 𝑠/𝑑) [3,4,5]. The geometrical dimensions involved in their definitions are
shown in Figure 1. A previous numerical study conducted at VKI observed such a similitude by means of
numerical simulations [6].
2. Materials and Methods
To understand if such geometric similitude is exhaustive to predict cavitation through an orifice for
any working fluid, experiments were carried out both with two different but geometrical similar orifices
with water (isothermal case) and LN2 (thermosensitive case). Of course, more constraints on the specific
parameters to choose come from the tests in cryogenic, especially from the need to chill down the line
before testing. In practice, two thick cylindrical orifices with 𝑡ℎ = 1.19 and 𝛽 = 0.17 were selected, which,
applying the theoretical model proposed by Chisholm [7,8], give a
𝑆𝐹𝑡ℎ = 4.4 ∙ 104 [m/h/ √bar].
Figure 1 presents the main elements of the isothermal and
thermosensitive test sections used in this work. Both are mounted
upwards with the cylindrical orifice between two transparent modules
to allow flow visualizations. These are square blocks with a traversing
hole having the same diameter as the test section, i.e. (a) D=15 mm and
(b) D = 40 mm. Concerning the measurements, an electromagnetic and
a Coriolis flowmeter provide the flow rate for the water and the
cryogenic setup, respectively. Flush-mounted pressure sensors
measure the pressure upstream and downstream of the orifice. In the
cryogenic setup, the temperatures are measured sufficiently close to the
Figure 1. Sketch of the two test sections
pressure ports via cryogenic silicon diodes. Simultaneous pressure and
with their characteristic dimensions.
temperature measurements allow defining the temperature drop
through the orifice, and the subcooling degree, i.e. the proximity to the saturation curve of the fluid at the
inlet, ( ∆𝑇𝑠𝑢𝑏 = (𝑇𝑠𝑎𝑡 (𝑃𝑢𝑝 ) − 𝑇𝑢𝑝 )⁄𝑇𝑐𝑟𝑖 ) . 𝑇𝑐𝑟𝑖 is the LN2 critical temperature, equal to 126.19 K. On the
contrary, for the experiments with water, only two thermocouples are installed along the loop to monitor
the working temperature. A detailed description of the isothermal and thermosensitive cavitation facility
can be found in [9] and [10], respectively.
3. Results
Figure 2 shows the dimensionless characteristic curves for the two tested orifices. The volumetric flow rate
is scaled by the choked flow rate ( 𝑄̂ = 𝑄𝑣 ⁄𝑄𝑐ℎ𝑜𝑘 ), while σ is the cavitation number ( 𝜎 =
(𝑃𝑢𝑝 − 𝑃𝑚𝑖𝑛 )⁄(𝑃𝑢𝑝 − 𝑃𝑑𝑤 )) quantifying the strength of cavitation. Different symbols in the isothermal curve
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(Fig.2.a) refer to four sets of tests, each produced fixing the downstream pressure (𝑃𝑑𝑤 ) and gradually
increasing the upstream one (𝑃𝑢𝑝 ). On the contrary, different symbols in the cryogenic curve (Fig.2.b) refer
to the subcooling degree. Specifically, S1 corresponds to ∆𝑇 < 0.020, S2 groups the data with 0.020 < ∆𝑇 <
0.050 and, finally, S3 includes the cases with ∆𝑇 > 0.050.
Cavitation starts with the intermittent appearance of tiny bubbles downstream of the orifice at 𝜎 = 1.34
(isothermal case) and 𝜎 = 1.2 (cryogenic case). By increasing 1⁄√𝜎, bubbles grow and coalesce, forming
clouds that periodically shed downstream of the orifice. The flashing regime presents the highest vapor
production and, in the cryogenic environment, it goes together with significant temperature drops through
the orifice.

(a)

(b)

Figure 2. Dimensionless hydraulic curve for the two similar orifices with water (a) and LN2 (b).

(a)

(b)

Figure 3. (a) Experimental SF calculated from the fitted Kv-water (dashed line) compared to the SF for each data point in fully
liquid from the isothermal case (triangles) and from the cryogenic case (circles). (b) Comparison between the experimental
and the theoretical Kv for the cryogenic case.

Once the hydraulic performance has been computed, the procedure to seek whether the hydraulic
similitude applies to any tested fluid consists of four steps. First, the values of Kv and 𝐹𝐿 are computed
from the isothermal testing. The Kv-water is derived by fitting the data points for water in fully liquid
conditions, and it resulted equal to 𝐾𝑣𝑤 = 1.480 ± 0.021 [m3/h/ √𝑏𝑎𝑟]. 𝐹𝐿−𝑤𝑎𝑡𝑒𝑟 , instead, is computed from
the measured choked volumetric flow rate (Eq.1[b]), leading, hence, to 𝐹𝐿−𝑤𝑎𝑡𝑒𝑟 = 0.82. Second, 𝑆𝐹 = 4.11 ∙
104 [m/h/ √bar] is derived from Kv-water and the Ao of the cryogenic setup. Fig.3.a shows the SF calculated
from Kv-water as a dashed line together with the experimental SF for each fully liquid point from the
isothermal case (triangles) and the cryogenic case (circles). The calculated SF deviates about 6.6% from the
theoretical SFth [3]. Third, the equivalent Kv for LN2 is derived, i.e. 𝐾𝑣𝑠𝑖𝑚 = 0.202 [m3/h/ √bar]. Fig. 3.b
compares the 𝐾𝑣𝑠𝑖𝑚 with the Kv of each fully liquid point from the cryogenic case and with the fitted
𝐾𝑣𝑓𝑖𝑡𝑡𝑖𝑛𝑔,𝑒𝑥𝑝 , which is equal to 0.206 ± 0.003 [m3/h/√bar].
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Finally, 𝑄𝑣,𝑐ℎ𝑜𝑘 is calculated from Eq.1[b] using the 𝐾𝑣𝑠𝑖𝑚 and the isothermal 𝐹𝐿 . Firstly, the isothermal
assumption Pmin = Psat (Tup ) is considered (Fig.4.a). The comparison with the experimental choked
volumetric flow shows that the S3 cases, high Pup and Δ𝑇𝑠𝑢𝑏 > 0.050, are the only ones where the similitude
applies with a maximum error of 8.5%. This highest error corresponds to the data with the larger distance
between the two-phase flow downstream of the orifice and the saturation conditions at 𝑇up . Then, Pmin is
corrected according to the model proposed in [10], which accounts for the thermodynamic state of the fluid
both at the inlet and outlet of the orifice. This correction, shown in Fig.4.b, guarantees a good prediction of
the choked flow rate for all the experimental points, achieving an overall error below 1.6%.

Figure 4. Comparison of the cryogenic experimental Qv at chocking with respect to the one computed from the
hydraulic similitude: (a) 𝑃𝑚𝑖𝑛 = 𝑃𝑠𝑎𝑡 (𝑇𝑢𝑝 ); (b) 𝑃𝑚𝑖𝑛 = 𝑃𝑠𝑎𝑡 (𝑇𝑢𝑝 ) ∙ 𝒻(𝛥𝑇𝑠𝑢𝑏 ).

4. Conclusions
From the presented results, we can conclude that the hydraulic similitude applies only for the S3 test cases,
i.e. high Pup and Δ𝑇𝑠𝑢𝑏 . As the orifice inlet conditions get closer to the saturation curve, the thermodynamic
state of the liquid must be necessarily considered and the hydraulic similitude corrected.
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